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The population of adsorbates on a semiconductor surface directly influences the physical
and chemical properties of the semiconductor. In the case of a metal-oxide semiconductor,
the adsorbing species can change its electrical conductivity, a phenomenon which forms the
operating principle of gas sensors. The interaction of adsorbed oxygen species on a metaloxide surface with reducing or oxidizing gases leads to an increase or decrease in electrical
conductivity respectively. Miniature gas sensors called microhotplates (developed at the
National Institute of Standards and Technology) are excellent surface science tools to
explore surface reactions on semiconducting metal-oxide films.
This thesis outlines how the desorption kinetics may be modeled in situations where the
effects of finite heating rate, and system pumping rate are intertwined with the desorption
rate, and how it is possible to estimate these time constants from isothermal desorption of
sub-femtomolar coverages. Benzoic acid on reduced SnO2 was used as a model system to
demonstrate the technique. It was observed to adsorb at coverages below 0.005 monolayers
with an activation energy for desorption of 97 kJ/mol.

The uptake, reaction pathways, and desorption kinetics of 2-propanol on TiO2 and SnO2
films were studied to demonstrate new microhotplate-based techniques to probe the
fundamental surface processes that lead to electrical conductivity changes in chemiresistive
gas sensors.

Uptake and pulsed desorption measurements showed that reproducible

coverages of 2-propanol could be prepared during low temperature adsorption, while
interlaced, mass-resolved desorption pulses quantified indications of conversion to propene
on oxidized TiO2 and SnO2 that correlate with conductivity changes. Fractional isothermal
desorption data for 2-propanol on the oxidized TiO2 film suggest that the surface is
energetically heterogeneous. A Monte Carlo model gives an average binding energy of
102 kJ/mol with a standard deviation of 15.7 kJ/mol, assuming diffusion is negligible on
the timescale of the microhotplate’s heating pulse. The technique can thus show how a
microsensor platform can provide a better understanding of the principles of sensor
operation by determining, from sub-femtomolar quantities of adsorbates on a single
microsensor, coverage, pumping speed, desorption rate, and reactivity of surface
interactions and their effect on the sensing film conductivity.
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Chapter 1

INTRODUCTION

Monitoring the presence of particular gases in the atmosphere, in industrial
environments, on battlefields, in space, and in vehicle emissions can be vital for
both, human safety and pollution control. Gas sensing technology is constantly
evolving, with a multitude of methods now available, depending on the sensing
principle involved. Some of the operating principles of solid state gas sensors
involve amperometric transduction, acoustic transduction, and thermochemistry in
addition to the classical techniques such as gas chromatography and mass
spectrometry.1 In order to be a reliable indicator, a gas sensor has to satisfy the
basic criteria of adequate sensitivity, short response times, reproducibility,
minimum drift, and selectivity irrespective of the sensing mechanism.2 The focus of
this thesis rests on semiconducting metal oxide gas sensors in general, and on
microscopic gas sensors called microhotplates in particular. The first chapter
presents the background and history of semiconducting metal oxide gas sensors, the
transduction principles involved, their shortcomings, and the methods used to
overcome them. This is followed by a discussion of the interaction that takes place
between the gas molecules and the sensing material, from a surface science
perspective, in the second chapter. The third chapter discusses one of the surface
science techniques known as Temperature Programmed Desorption and its
derivatives, which can quantify the mechanics of this interaction in kinetic terms.
The fourth chapter outlines how miniaturization can offer significant advantages,
1

both in the realm of gas sensing and further beyond, in the wider field of surface
science. Microscopic gas sensors manufactured with CMOS technology can
effectively use temperature-programming techniques that are not restricted by the
larger thermal mass of conventional sensors and can also serve as tools to probe the
science behind the transduction principle. The chapter discusses the work done at
the National Institute of Standards and Technology (NIST) with these microscopic
sensors called microhotplates towards developing sensing methodology and surface
science techniques by exploiting the advantages of their unique design. The work
done in this thesis towards the measurement of the adsorbate population on a single
microhotplate and its effect on the electrical conductivity of the latter is also
presented, with two comparative studies of different molecules (benzoic acid and
methanol), and the challenges involved in such a measurement under ultra-high
vacuum conditions. The modeled response of the system to the kinetic processes
involved, such as finite heating rate, pumping speed, and desorption rate, and a
method to estimate the rate constants in situations where all of them contribute
significantly, are also outlined in the same chapter. The last chapter proposes
further experiments with a range of alcohols to study the desorption kinetics, and
the electrical conductivity change with a microhotplate, under oxidized and reduced
conditions of the sensing film. It also discusses the literature available on alcohol
reactivity on oxidized and reduced metal oxides, and outlines the experiment
methodology.

2

1

Semiconducting Metal Oxide Sensors

Semiconducting metal oxide (SMO) gas sensors constitute an important class of
solid state sensors. The phenomenon of adsorbed gas molecules causing an
electrical conductivity change in a semiconductor was discovered by Bardeen and
Brattain in 1952.3 This discovery led to an enormous amount of research, which
culminated in the development of commercial and household sensors which are
common today.
Semiconducting metal oxide sensors operate on the principle of electrical
conductivity change in the presence of gas species. Atmospheric oxygen adsorbing
on the semiconductor surface (O2, O2- and O-) extracts surface electrons from the
semiconductor causing a decrease in the conductivity of the semiconductor.
Subsequent reactive exposure to reducing gases or organic vapors releases the
electrons back to the semiconductor, thus increasing the electrical conductivity.
Specifically, in an n-type semiconductor, the density of electrons in the conduction
band decreases with an oxidation reaction, and increases with a reducing reaction.
The reverse changes are observed in a p-type semiconductor, where holes are the
major charge carriers. These effects are attributed to the change in concentration of
the adsorbed oxygen, and/or oxygen vacancies in the crystal lattice at the surface of
the semiconductor by the adsorption of the gas. Typical semiconducting metal
oxides include SnO2, TiO2, ZnO, and WO3.2 The oxides have been traditionally
used in thick film or compressed powder form, however, thin-films and single
crystals have also been studied extensively.4,5 Thin film technology allows better
3

control of grain size and enables the fabrication of low-power devices. Single
crystal sensors have also been reported to show improved performance despite
concerns about their thickness affecting the conduction mechanism.6
1.1

Taguchi sensors

The pioneering effort in developing a fully functioning sensor device was led by
Naoyoshi Taguchi in Japan.7,8 His device comprised a sintered powder of tin oxide
surrounding a heating element and connecting two electrodes. He found that the
metal oxide was most sensitive within an operating temperature range of 170-230
°C, which necessitated the use of a heater. The lowered resistance of the
semiconductor on exposure to species such as hydrogen, carbon monoxide, gasoline
or alcohol triggered an alarm in the external circuit.
1.2

Selectivity issues

Despite presenting attractive advantages of high sensitivity, low cost and simple
design, SMO sensors suffer from an inherent shortcoming viz. the lack of
selectivity.9 In the context of gas sensing, selectivity deals with the selection of a
particular reactant in a mixed feed stream, while in catalytic research the objective
is to selectively obtain a particular product.1 A fundamental understanding of the
surface processes occurring during conductance change is required to improve
selectivity with regard to sensor performance rather than trial and error
approaches.10

4

A number of approaches have been employed over the years to improve selectivity
with varying degrees of success. The most notable ones are the use of specific
sensing materials, the use of catalytic materials and promoters to enhance the rate of
the reaction, temperature control, filtration of reactant gases, and the use of sensor
arrays.
1.2.1

Specific sensing materials

The use of a specific oxide to detect a particular gaseous species is a natural first
approach to selective gas sensing, and a number of oxides have been investigated in
this regard. Examples of oxide/gas system combinations are SnO2/CO,H2,O2,
WO3/H2S, Fe2O3/C4H10, and TiO2,/O2,CO.1
1.2.2

Catalysts and promoters

Catalysts are used in gas sensors to improve speed of response by lowering the
reaction time constant. They can also impart selectivity by favoring certain
reactions over others. In the field of gas sensing, selectivity deals with the selection
of a particular reactant in a mixed feed stream, while in catalytic research the
objective is to selectively obtain a particular product.1 Crystallites of catalyst
deposited on the semiconductor affect the intergranular contact region in two ways,
viz. spillover and Fermi energy control. Spillover refers to the process whereby the
metal catalyst dissociates the molecule, and the atoms “spill over” onto the
semiconductor surface. This process accelerates the attainment of steady state on
the semi-conductor. In order to have this process affect the intergranular resistance,
there should be a good dispersion of the catalyst so that the catalyst particles are
5

present near all intergranular contacts. The other process, Fermi control refers to the
adsorption of oxygen on the catalyst, which removes electrons from the catalyst,
and the catalyst, in turn, removes electrons from the semiconductor support. The
catalyst particles create a surface barrier at the semiconductor surface, and to have
the barrier extend over the entire surface of the semiconductor grain necessitates a
catalyst particle separation of less than 500 Å, since depletion regions at the
semiconductor surface typically penetrate to the order of 500 Å. Examples of
catalysts are Pd, Pt, Au for H2, CH4, and CO, Ir, V2O5 for xylene, Sb2O5 for C4H10,
Rh-La2O3 for ethyl acetate, In for hydrogen and wood smoke, and cerium oxide for
CO.11-17
Sometimes, surface additives called promoters are used in conjunction with
catalysts. Among other functions, they increase the activity of the catalyst by
increasing the extent of adsorption of reactive species or by easing the route for
reaction or desorption. Examples include molybdenum oxide with bismuth as
promoter, and methyl bromide on cuprous oxide in propene oxidation.9,12
1.2.3

Temperature control

Temperature control has received more attention in recent years than it has in the
past as the focus on selectivity has grown exponentially. For a given reducing
agent, it is found that there is a peak in the sensitivity at low temperatures (low rate
of reaction), while at high temperatures (high rate of reaction) the surface
concentration of the reducing species is diffusion limited, and is virtually nondetectable by the sensor. At low temperature the rate of the oxidation reaction is too
6

low to give a high sensitivity, while at high temperature the gases burn rapidly and
are consumed before detection. Hence temperature-based selectivity can be used to
make sensors tailored for specific gases e.g., for a methane sensor, a high operating
temperature should be used.9 Cycling heater temperatures to use the transient
heating or cooling response of the sensor is another promising approach, to obtain
characteristic conductance profiles depending on the specific gas and its
concentration.18
1.2.4

Selective filtration

Selectively filtering the gases that are exposed to the sensor is another technique,
and is carried out by using surface coatings which either consume interferents or
allow passage only to the gas to be detected. Examples of catalytic filtering are the
use of mesoporous silica films doped with Pd and Pt on an SnO2 thick film as
catalytic filters to selectively eliminate CO by oxidation to CO2 in the detection of
CH4,19 and the use of Pd and Pt films deposited over SiO2 layers to improve
selectivity to 500 ppm of C3H8 over CO and C2H5OH at a temperature above
400°C.20 Examples of selective permeability include use of a mixture of the sensing
material and mesoporous material to allow H2 diffusion,21 using zeolites, which are
crystalline aluminosilicates with porous cage-like structures, in a pre-filtering cell to
detect alkanes in the presence of ethanol,22 and zeolite films on Pd/SnO2 layers to
eliminate sensor response to methane and propane, while detecting ethanol at
interferent concentrations 200 times greater.23 A wealth of literature is available on
the use of selective filtration.24-31
7

1.2.5

Sensor arrays

Advances in nanotechnology have led to the miniaturization of sensor platforms
with the consequence of making miniature arrays of several sensor devices a reality.
The concept of using an array of different sensing elements with each element
either partly or totally selective to a particular component of a gaseous mixture has
been actively pursued for development of “electronic noses” capable of identifying
a number of species.32 Pattern recognition systems with methods such as neural
network analysis, principal component analysis, and cluster analysis are used to
extract the characteristic identifying signature of a species and its concentration
from the combined signal response of the entire sensor array.33-55
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Chapter 2

ADSORPTION

2

Dynamics of gas adsorption at solid surfaces

Adsorption is the process by which the concentration of a gas at the gas /solid
interface exceeds that in the gas phase. The concepts lay the foundation for
techniques which utilize non-equilibrium effects for selectively identifying
analytes, and also for techniques for determining adsorption parameters, both of
which types will be elucidated in the following chapters. The solid is the adsorbent,
while the gas is termed the adsorbate.56 It is a complex and multifaceted process
involving gas dynamics, thermodynamic interactions between the gas and the
surface, and ultimately the nature of bonding between the two phases. Adsorption is
classified into two main categories- physisorption and chemisorption, depending on
the strength of interaction between the adsorbate and the adsorbent.
2.1

Physisorption

Physisorption refers to the type of adsorption in which there is no chemical bond
between the gas and the substrate; rather, the molecules are held at the surface by
van der Waals forces which arise from the interaction of fluctuating dipoles. The
enthalpy of physisorption, or the binding energy of the adsorbate, is of similar
magnitude to that of the corresponding heat of condensation of the adsorbate
(typically 10-20 kJ mol -1). The polarizability of the adsorbing molecules is a key
9

factor in physisorption. For example, in metal/gas systems, despite the large
number of conduction band electrons, if the resonance frequencies of the adsorbing
molecules are too high for the electrons to adjust to, then incomplete polarization
occurs, causing little physisorption to occur.56 Multilayer adsorption occurs only in
physisorption, when several layers of adsorbate condense into a liquid-like film on
the adsorbate. In this situation, the adsorbate-adsorbate interactions are of a higher
magnitude than kBT, and the layers condense at low temperatures e.g. CO on
supported Pt catalyst at 80K and 1 atm.57
2.2

Chemisorption

Chemisorption, involves the formation of a direct bond between the adsorbate and
the adsorbent. The strength of the bonds is comparable to the chemical bonds in
free molecules. The forces acting between the adsorbate and the adsorbent are
strong and operate over short-ranges primarily between the adsorbate and the
topmost layer of surface atoms. This leads to monolayer adsorption, which refers to
a single layer of adsorbate molecules adhering to the substrate. Monolayer
adsorption is possible at high temperatures; temperatures which are much higher
than the boiling point of the adsorbate, e.g. CO on a supported Pt catalyst at 10-7
torr and 400K. Typical chemisorption binding energies of gas/metal systems range
from 50-400 kJ mol-1.56,57
The distinction between physisorption and chemisorption is, however, not always
unambiguous. Sometimes molecules stay intact during adsorption or may undergo a
change in bond length, or bond scission. A modern point of view is that a molecule
10

is chemisorbed if it undergoes a significant change in its electronic structure on the
surface, and physisorbed otherwise. Unfortunately, even this classification is not
precise and all encompassing. For example, xenon undergoes a change in its
electronic configuration when it adsorbs on tungsten. Since bond formation in this
case is not considered a possibility, xenon is said to be physisorbed.57
2.3

The Lennard-Jones adsorption model

The interaction between a gas phase particle and a solid surface can be illustrated
by the one-dimensional Lennard-Jones potential energy diagram as shown in Figure
2.1.

Figure 2.1 Lennard-Jones potential energy curve
2.3.1

Molecular adsorption

This refers to the type of adsorption in which the adsorbing molecule does not
undergo dissociation, and maintains its molecular structure. It is also referred to as
associative adsorption. The curve in the above figure can be viewed as the
11

superposition of an attractive and repulsive potential encountered by a molecular
adsorbate as it approaches a surface. In mathematical form, it can be described as
E(z) = − Az −6 + Bz −12 ,

(2.1)

where A and B are empirical constants, with E(z) representing the potential energy
E as a function of the perpendicular distance co-ordinate z. The second term
represents the short-range repulsion, and the first term represents the longer range
attractions. The energy zero is chosen to be at infinity.58 An incoming molecule
with kinetic energy EK has to lose at least that amount of energy to be
accommodated at the surface. The molecule comes to equilibrium in a state of
oscillation in a potential well of depth equal to the binding energy EA after losing its
kinetic energy to excite lattice phonons in the solid. To leave the surface, the
molecule must therefore have energy EA or more to overcome the potential barrier.
The desorption energy is equal to the adsorption energy in this case. The amount of
time the adatom spends in the potential well of depth EA is given by

τ = τoe

 EA 


 k BT 

,

(2.2)

where τ o is the period of the adatom vibration and is of the order of 10-12 s. It can
be seen from Eq. (2.2) that an adsorption energy of 0.25 eV corresponds to a τ >1 s
only below 100K.59
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2.3.2

Dissociative adsorption

This refers to the case in which the approaching molecule undergoes dissociation
into its constituent atoms, and the potential energy curve changes as shown below.

Figure 2.2 Potential Energy curve for dissociative adsorption

The curves in Figure 2.2 represent the adsorption of oxygen on a metal surface.
Curve (i) shows the interaction of two oxygen atoms with the surface, while curve
(ii) shows the interaction of a molecule of oxygen with the surface. The location of
the point of intersection of the two curves with respect to the energy zero
determines whether the adsorption is activated or non-activated. If the intersection
point lies above the energy zero, a molecule of oxygen in equilibrium in the
13

physisorption well of curve (ii) has to overcome the energy barrier EaDiss to be
accommodated in the chemisorption well, and the adsorption is called activated
since it is now characterized by an activation energy of magnitude EaDiss.
Experimentally, activated adsorption is accompanied by a slow uptake by the
surface until the molecules acquire enough energy to surmount the barrier. On the
other hand, if the intersection point lies below the energy zero, a physisorbed
molecule reaching the intersection point undergoes spontaneous dissociation to rest
in the low-energy chemisorption well. It is interesting to note that the surface
facilitates the dissociation, since the barrier to dissociation EaDiss is much smaller
than the gas-phase dissociation energy, D(O=O).
In the case of non-activated adsorption, the following relationships hold:

∆H Des,O 2 = −∆H Ads,O 2

(2.3)

∆H Des,O = −∆H Ads,O ,

(2.4)

and

while in the case of activated adsorption,
E a Des + ∆H Ads,O = E a Diss

(2.5)

where ∆HAds refers to the enthalpy change of adsorption, ∆HDes to that of
desorption, and EaDes represents the depth of the chemisorption well.60
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The Lennard-Jones model, despite being a convenient representation of the
adsorption process, portrays a simplistic picture of the real situation. Factors such as
the orientation of the approaching molecule, its rotational and vibrational energy
and state, and its position above a particular site, play an important role in the
outcome of the interaction with the surface, and therefore a multi-dimensional
energy diagram is required to account for all the dynamics taking place.
2.4

Surface processes

A number of events take place after the adsorbing species has been accommodated
on the surface. When the adatoms or molecules acquire thermal energy from the
lattice vibrations of the substrate (phonons) to overcome the potential barrier
between adjacent adsorption sites, they migrate across the surface till the system
has reached its equilibrium configuration. This process is called surface diffusion,
and for a crystal, its rate is determined by the crystallographic direction, absolute
temperature T, and the surface coverage (θ) of the adsorbate. Due to the potential
barriers involved in this site-hopping process, it is an activated process, and can be
described by the following equation;

D(θ, T ) = D o exp(−

E act (θ )
)
RT

(2.6)

where D(θ,T) is the diffusion coefficient (cm2s-1), Eact is the activation energy
barrier (kJ mole-1), and Do is the pre-exponential factor called the diffusivity (cm2s1 56,60,61

).

Some representative values of diffusivity are 2.5 x 10-3 for H/Ni(100), and

0.04 for O/W(110). The activation energy barrier for a chemisorption system such
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as CO/Pd is ~3-4 kcal mol-1, while it is lower by an order of magnitude for
physisorption systems.58 The atoms of the substrate may also diffuse in a similarly
activated process called self-diffusion. However, the activation energies involved
are much higher, and temperatures up to 1000K are needed to observe reasonable
diffusion rates.58
2.5

Adsorption isotherms

Adsorption data are most useful as plots of the function θ(P)T where θ is the amount
adsorbed with equilibrium pressure at a given temperature, or in other words,
adsorption isotherms. As an example, the derivation of the Langmuir isotherm from
kinetic arguments is presented here. The equilibrium condition is assumed by
equating the rates of adsorption and desorption. The characteristic assumptions of
this model are: (a) a single adsorbed particle occupies only one adsorption site, (b)
at the most, only monolayer coverages are possible (θ=1), and (c) the adsorbed
particles do not interact with their neighbors. The last condition implies that all
adsorbed particles produce an identical heat of adsorption.
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From the kinetic theory of gases, the flux F of molecules impinging on a unit
surface area per unit time is given by the following equation

F=

P

(2.7)

2πmk B T

where P is the pressure, m is the mass of a molecule, kB is the Boltzmann constant,
and T is the absolute temperature.
The rate of adsorption rad is given by

rad =

dθ
=
dt

P
2πmk B T

⋅ s o ⋅ exp(−

∆E ad
) ⋅ f (θ )
k BT

(2.8)

where so is the sticking probability, defined as the ratio of the number of particles
actually adsorbed to the number of impinging particles, and f(θ) is a function for the
decreasing availability of empty sites as adsorption proceeds.
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For molecular adsorption, where one particle occupies only a single site, f(θ) equals
(1-θ), while for dissociative adsorption, where a single particle breaks into two
fragments, each occupying a site, f(θ) equals (1-θ)2.
The rate of desorption is given by

rdes (θ ) = −

dθ
(1)
= k des ⋅ θ
dt

(2.9)

with

k des

(1)

 ∆E des
(1)
= ν des exp −
 k BT





(2.10)

where kdes(1) is the desorption rate constant, νdes(1) is the pre-exponential or
frequency factor, and ∆Edes is the activation energy for desorption, for a first order
process (Wigner-Polanyi equation).
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For dissociative adsorption, where the fragments combine before desorption, the
rate equation becomes,

rdes (θ ) = −

dθ
(2)
= k des ⋅ θ 2
dt

(2.11)

and

k des

(2)

 ∆E des
(2)
= ν des exp −
 k BT


 .


(2.12)

Equating the rates of adsorption and desorption for equilibrium yields

θ=

b(T)P
1 + b(T)P

(2.13)

which is the Langmuir isotherm.
For dissociative adsorption, the isotherm becomes,

θ=

b ' (T)P

(2.14)

1 + b ' (T)P

where b and b’ are functions of temperature only. The saturation behavior of the
Langmuir isotherms can be seen in Figure 2.3 where the sharp increase in coverage
at initial pressures is followed by a saturation region, and can be easily explained by
the isotherm equations in the low and high pressure limits.
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The following figure shows the change in coverage in pressure as a function of
pressure for two temperatures.

Figure 2.3 Langmuir isotherm for two different temperatures
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Chapter 3

TEMPERATURE PROGRAMMED DESORPTION

3

The need for UHV in surface science studies

A meaningful study of a surface has two logical requisites; a) the maintenance of a
“clean” surface at the atomic level during the course of the study, and b) the noncontamination of the extracted information by interferents in the gas phase. In the
context of surface science, a clean surface is one that is free of any impurities or
adsorbates to below detectable limits of the relevant spectroscopic method. Under
ambient conditions, a surface is constantly bombarded by gas molecules. Assuming
that every impinging molecule sticks, it takes less than a second to cover the surface
completely with a monolayer. Surface spectroscopic methods that use electron/ion
bombardment need an adequately high signal-to-noise ratio to discriminate between
the surface species and those present in the gas phase. This also implies the need for
maintaining a mean free path longer than the dimension of the apparatus so that the
probe and detected particles do not suffer from scattering by collisions with
background gas phase particles. Ultra-High Vacuum (UHV) is defined by the
American Vacuum Society as the range of pressure between 7.5 x 10-10 and 7.5 x
10-13 torr.62 At a pressure of 10-10 torr, the time to form 1 ML (monolayer) is about
104 seconds, with a mean free path of 5 x 105 m. A UHV environment thus provides
both a relatively collision-free space and a clean surface and satisfies the two
conditions necessary for fundamental surface studies.
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3.1

The pressure and materials gap

The undeniable importance of fundamental studies on ideal surfaces for adsorption,
reaction kinetics and catalysis under UHV conditions is shadowed by the difficulty
in applying the parameters to real life reactor conditions in heterogeneous catalysis.
This pressure and materials gap is indicative of the two approaches taken to surface
chemistry by surfaces scientists and industrial practitioners. The surface science
approach involves studying the reaction on well-ordered crystals and well-defined
epitaxial films at very low pressures. UHV also offers the possibility of using low
temperatures ~100K using liquid nitrogen assemblies to obtain high adsorbate
coverages. Despite the advantages of the vacuum approach, it is criticized for being
removed from the industrial reality which is the real test for applying the
knowledge gained from fundamental studies. On the other hand, surface reactions
in the industry are carried out at high temperatures and at least ambient pressures.
The accelerated reaction rates at high temperature prevent identification of
individual reaction steps, while the high pressures allow mass transfer and heat
transfer effects to take over and make kinetic or reactivity correlations difficult. The
catalysts used do not have ideal surface morphology and come in various forms
such as powder, pellets, and polycrystalline sheets. High-purity single component
catalysts are not used. Industrial chemists are therefore interested in studying
surface reactions under reactor conditions to be able to extrapolate the parameters to
large-scale processes.58 63The approaches taken to bridge this material and pressure
gap have included combining UHV chambers and high-pressure microreactor cells
using novel assemblies to study the surfaces and reactions in different pressure
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regimes,64-68 and in recent years the use of TAP (Temporal Analysis of Products)
reactors which can operate under a range of pressures covering a substantial part of
the gap region.69,70 The basic operating procedure for the TAP reactors consists of
passing a narrow (~10 ms) pulse of reactant gas through a catalyst bed, and
studying the product molecules with a mass spectrometer in the molecular flow
regime.71 The influence of adsorbates on the surface reconstruction and the
adsorption geometry have also been studied by novel high pressure STMs
(Scanning Tunneling Microscopy) which operate almost up to 1 atm.72-74. Efforts
towards the materials gap have seen the development and study of monodispersed
nanocatalyst particles to gain better reaction control through uniform geometry.75,76
Due to the immense benefits which can be realized through an improved
understanding of surface chemistry over vastly different operating conditions, this
field can be expected to see a lot of activity.
3.2

Temperature programmed desorption

TPD is a surface analytical technique to characterize adsorbate coverages, and the
strength of the interactions between the surface and adsorbed species. The
chronology of events that led to the development of TPD saw the development of
the flash-filament technique by Apker77 to study adsorption kinetics, followed by
the work of Becker,78 and then Ehrlich.79 The TPD analysis carried out by Ehrlich80
was extended by Redhead,81 who showed how the desorption parameters could be
extracted by differentiating the spectrum. The technique can provide the values of
parameters such as activation energy of desorption, the frequency factor, and the
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reaction-order coefficient. The basic technique consists of adsorbing the gas or
gases onto a cold surface, heating the surface either resistively, with a laser or by
electron bombardment in a linear ramp and then detecting the desorbing reaction
products using a mass spectrometer.
3.2.1

Redhead analysis

Redhead’s method81 involved applying a linear heating ramp (T=To+βt) to the
sample and monitoring the pressure signal during the desorption process. Using a
molecule balance, he obtained the following relation assuming equilibrium (p = peq)
conditions:
dp * p *
+
= aN(t)
dt
τ

(3.1)

where p * = p − p eq ,

p is the system pressure,
peq is the equilibrium pressure,
a = A/KV,
A is the sample area (cm2),
N is the desorption rate (molecules cm-2 s-1),
V is the volume of the system (liters),
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S is the pumping speed (l.s-1)
τ = V/S, the characteristic pumping time,
and K= 3.27 x 1019 molecules l-1 at 1 torr and 295K.
Eq.(3.1) shows that for low pumping speeds (large τ)

N ( t )α

dp *
dt

(3.2)

whereas for high pumping speeds (small τ)
N(t) ∝ p *

(3.3)

The heating function was a linear ramp as can be seen in the following equation.
T = To + βt

(3.4)

where T is the sample temperature (K),
β is the heating rate (K/s),
and t is the time (s).
He assumed that the activation energy of desorption ∆Edes, and the frequency factor
were independent of coverage and that no re-adsorption occurred during the
desorption cycle.
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Differentiating the Wigner-Polanyi equation, eq.(2.9), yielded the temperature at
which the desorption rate is maximum, Tp, and the following relationships.
For first-order desorption,

∆E des
2

RTp

ν
= des
β

(1)

(-

e

∆E des
)
RTp

(3.5)

and

∆ E des
RTp

2

=

2 ν des

(2)

θp

β

(-

e

∆E des
)
RTp

(3.6)

for a second-order desorption process, where θp is the coverage at Tp, R the ideal
gas constant and ν des

(2)

the frequency factor . The frequency or pre-exponential

(1)

factor ν des , can be regarded as the total frequency of attempts made by the
adsorbate atom/molecule to escape the chemisorption potential and desorb from the
surface. For recombinative desorption (second-order), ν des

(2)

can be viewed as the

collision frequency of the two-dimensional gas if it is completely mobile on the
surface.58 The reason for observing a maximum in desorption rate is the
convolution of two opposing factors; the exponentially increasing rate constant and
the decreasing surface coverage, both of which are temperature dependent.
The frequency factor is usually taken to be 1013 s-1 for first-order desorption, using
which, the activation energy for desorption can be iteratively calculated in eq.(3.5).
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A linear form of eq.(3.5) is valid for first order desorption with ν/β between 108 and
1013 K-1 as shown below.

∆E des

  ν des (1) Tp
= RTp ln
β
 



 − 3.64




(3.7)

Alternatively, it is possible to determine the activation energy without assuming a
value for the frequency factor, by varying the heating rate β. A plot of ln(Tp) versus
ln(β) can be then used along with eq.(3.5) to obtain ∆Edes, as can be seen from the
following relation.
∆E des
d(lnβ )
+2=
R Tp
d (lnTp )

(3.8)

This method however, requires the heating rate to be varied by at least two orders
of magnitude for reasonable accuracy.
It can be seen from eq.(3.5) that the desorption peak maximum is not a function of
coverage, and only increases in intensity with increasing coverage at a fixed Tp.
First-order desorption peaks are asymmetric as opposed to second-order peaks
which are symmetric, with Tp shifting to lower temperatures with increasing
coverage for the second order case.
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3.2.2

Isothermal temperature programmed desorption

The linear ramp TPD method, though attractive due to the practical ease of
operation, provides data that can be complex and difficult to interpret due to the
non-trivial fashion in which the desorption parameters are interlinked. The other
concerns are related to desorption from non-equilibrium configurations if the cold
adsorbed layer does not relax during the heating cycle, and temperature variation in
the sample during the heating due to the shortcomings of the heat transfer setup.
Anton et al. proposed a method for surmounting some of these issues by using an
isothermal heating program; i.e. the adsorbent temperature is kept constant during
the desorption.82 This instantly offers the benefit of mathematical ease for analyzing
the desorption equation, since, at constant adsorbent temperature, the rate is a
function of coverage and time only, and the desorption parameters can now be
estimated with more accuracy. They proposed that the effective way to achieve
equilibrium desorption was to prepare the adsorbed layer at a low temperature and
then rapidly change the sample temperature to the isothermal desorption
temperature. An inherent limitation to this “step-TPD” approach was the speed with
which the final desired temperature was reached. A slow rate of change implied
premature desorption during the transition period, rendering the data incomplete.
The step time, therefore, has to be smaller than the desorption time constant, and
this limits the largest rate constant that can be measured by this technique.
Traditional feedback control to achieve rapid step changes suffers from overshoot
and oscillations, and Anton et al. integrated feedforward and feedback control to
overcome those problems. The feedforward controller was designed on the basis of
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an accurately modeled second-order system response, and provided step
temperature changes at rates of about 20 Ks-1. For the CO/Ni (110) system, the
straight line behavior of rate versus coverage expected for simple first-order
kinetics is not seen, a fact that is explained by a precursor mediated kinetic model
suggested by the authors of the article.

29

Chapter 4

MEASUREMENT OF ARRHENIUS PARAMETERS FROM FEMTOMOLAR
DESORPTION

4

Introduction

The primary objective of this thesis was to study the adsorption kinetics of a
common sensor test gas such as methanol on a single microsensor known as a
microhotplate, to develop a correlation between the adsorbate population and the
conductance change they would induce in the sensing film. The detailed description
of the microsensor platform will be discussed in the following sections. We were
able to observe an isothermal desorption peak and simultaneously measure the
conductance of the sensing film for benzoic acid and methanol. The benzoic acid
study showed that a better temperature control was necessary, and methanol was
then studied using sophisticated electronic temperature control to improve the
heating mechanism. Signal averaging was used to resolve the desorption peak for
the methanol measurements. We presume that the sensing film was not oxidized,
and as a result, the conductance response did not show a deviation from the baseline
when exposed to the test gases. The effect of dosing time and heating temperature
were studied for methanol, and the decay time of the desorption curves was
estimated. The independence of the desorption peak from surface temperature
suggested that pumping dominated the measured desorption signal. Previous
pumping time measurements for methanol had placed an upper limit on the time
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constant at 550 ms.83 This study determined a pumping time constant in the range
11-20 ms for methanol. In order to understand the effect of pumping speed on the
desorption process we modeled the desorption and the pumping as first order
processes and were able to show how the two time constants control the measured
signal. An outcome of the model was a method to measure the desorption time
constant in the low pumping speed regime, which can circumvent the convoluted
effects usually observed with pumping speed-limited systems. Therefore, we were
able to compare the modeled and actual desorption signal, measure the sensor film
conductance, and propose a way to determine the desorption parameters. We were
unable to develop the coverage-conductance correlation due to the lack of the
measured desorption parameters at the present time, however, the suggested
methodology presents the next step in that direction. This chapter is divided into
four major sections- the first section describes the microsensor platform, the second
describes the functionality and the dynamic temperature programmed sensing
possible with the same, followed by the results and the discussion of the current
TPD study.
4.1

Microhotplate sensor platforms

The integration of semiconductor processing and micromachining techniques has
made it possible to conceive intelligent microsystems on a single chip, a technology
now referred to as MEMS (Micro-Electro-Mechanical Systems). The compatibility
between the two parallel silicon technologies has enabled miniature actuators, and
sensors alongwith the processing circuitry to be fabricated on a single platform,
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thereby creating independent systems capable of sensing the environment and
making decisions based on the input. In the early 1990s, researchers at NIST
(National Institute of Standards and Technology, Maryland) successfully realized
the first monolithic tin-oxide gas sensor using commercial CMOS and postprocessing techniques.84 The device consists of a suspended “trampoline” structure
composed of a layer of polysilicon for resistive heating, an aluminum plate for heat
distribution and van der Pauw measurements, aluminum contacts for film resistance
measurements, and the sensing film, with SiO2 insulator layers in between, and is
termed a “microhotplate” (MHP). The suspended geometry is achieved by topside
micromachining to define trapezoidal etch pits below the device layers.
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Anisotropic etchants such as tetramethyl ammonium hydroxide (TMAH) or
ethylene diamine pyrocatechol (EDP) or isotropic etchants such as xenon difluoride
are used to etch the silicon under the microhotplate. The resulting structure is
thermally isolated from the bulk and suspended by beams, as can be seen in Fig. 4.1

Figure 4.1 SEM micrograph of a NIST microhotplate85

The various layers of the microhotplate can be seen in Figure 4.2, without the
insulating layers. The small thermal mass of the microhotplates (~0.2 µg), and their
unique geometry offers them the advantages of fast heating rates (106 Ks-1), small
thermal time constants (~1 ms), and low power consumption (mW).
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The maximum stable operating temperature with Al metallization is about 500 °C,
while that with W is 800 °C or higher. The ease of fabrication using commercial
semiconductor technology and their small linear dimensions (100-200 µm) make it
possible to manufacture arrays of individually addressable devices on a single chip.

Figure 4.2 Schematic of NIST microhotplate components
Selective gas sensing can be successfully implemented with the array platform
through material selectivity by depositing a different metal oxide/catalyst
combination on each device using localized heating.
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The deposition of the sensing films on the devices in arrays is done by a selflithographic CVD method in which the selected device is heated to a desired
temperature and the specific and reactant gases are exposed to the array. The
process is then repeated with a different set of reactants for a different device.
The ability to control temperature and thus reaction kinetics at millisecond time
scales makes microhotplates very attractive for a very powerful technique called
temperature programmed sensing (TPS), which can fingerprint a gaseous species
based on the conductance change it induces, in response to a rapidly changing
program of temperature pulses. The effectiveness of this technique in identifying
chemical warfare agents among others, warrants a detailed study of the reaction
kinetics of sensing with the microhotplate platform. The conductance response of
semiconducting metal-oxide sensors is governed by a number of factors, of which
coverage is of paramount importance. The population of adsorbing species has a
direct influence on the change in electrical conductivity and adsorption kinetics, and
a fundamental understanding of the interaction process warrants investigations
towards that end. Microhotplates present an excellent platform for this purpose,
since their inherent characteristics of small thermal mass and fast heating obviate
the need for a complicated process control mechanism to perform an isothermal
TPD experiment. The Laboratory for Surface Science and Technology (LASST) at
the University of Maine has outstanding facilities for surface studies, and this has
helped us to pursue TPD studies with microhotplates. The main focus of my work
here has been to investigate the effects of surface coverage with film conductance
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using a single microhotplate, with the ultimate objective of developing a correlation
between coverage and electrical conductance changes of the semiconducting metal
oxide. Previous studies at NIST were carried out using microhotplate arrays without
surface contact pads, and therefore the simultaneous measurement of film
conductance during desorption was not possible.
4.2

Temperature programmed sensing with microhotplates

The thermal characteristics of microhotplates make them particularly amenable to
dynamic temperature programming for gas sensing and surface studies. A specific
temperature program can be applied to a device to elicit a unique conductometric
response in the presence of a particular gas. The temperature program consists of a
sequence of heating pulses applied to the microhotplate and the conductance
response to the analyte is measured in the process when the microhotplate is at base
temperature. This is done to prevent incorporation of the conductance changes in
the sensing film due to temperature variation, in the overall analyte “signature”. The
technique relies on the transient response of the sensing film to rapid changes in
temperature and non-saturation coverage effects, which occur on the order of ~5
ms. Equilibrating the sensing film at a new temperature takes 0.5-2 seconds in dry
air,86 and the fast heating and cooling characteristics of the microhotplates therefore
allow the measurement of individually selective kinetic analyte responses.
Neural network algorithms have been also applied to develop optimized
temperature programs for the recognition of analytes, and are especially useful in
distinguishing between chemically similar molecules such as ethanol and methanol.
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The practical usefulness of the technique can be seen in the recent work by
researchers at NIST, who successfully applied temperature programmed sensing
using microhotplate arrays to identify chemical warfare agents such as tabun, sarin,
sulfur mustard, and their simulants at concentrations ranging from 4-26 ppb.86 They
also developed a new method for analyte identification using the derivatives of the
ramp/base temperature data.
The benefits of using temperature control to influence the reaction rates of the
analytes can be seen in their technique and the need to then quantify the sensor
response by measuring the adsorbate population arises as the logical next step.
4.3

Microhotplate TPD studies at NIST

The ramp TPD analysis requires the measured peak temperature, and an assumed
value of the frequency factor to deduce the activation energy for desorption.
Varying the heating rate can yield values of the frequency factor independently, but
the range over which it can be varied is limited by the thermal mass of the sample
or pumping speed of the system for high β, and by signal-to-noise factors for low β.
Anton’s isothermal TPD technique required sophisticated process control to
achieve high heating rates for the measurement due to the large thermal mass of the
sample.82 Cavicchi et al. at NIST developed a temperature-pulsed method to obtain
both the rate constant and the activation energy without pumping effect constraints,
by using the unique thermal characteristics of the microhotplates.87 The
microhotplates have very low thermal mass and low power requirement, and can be
heated and cooled in a few milliseconds without requiring PID process control.
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They demonstrated the MHP-TPD technique on a CO/Pt system which has been
studied on single crystals, thin wires, and polycrystalline samples in a number of
studies with macrosamples. Despite using a metal in place of a typical
semiconducting oxide, they successfully implemented the technique on the new
microsensor platform and demonstrated the ease with which it could be extended to
sensor materials. Their procedure consisted of cleaning and dosing the sample at
To, followed by application of a temperature pulse at Tp for time tp. The integrated
area of the desorption signal (Figure 4.3) is A1. A second pulse is then applied and
the area A2 is obtained in a similar fashion. The sequence is continued till the mass
spectrometer signal falls below the background value for the species being studied.
They used an array of microhotplates for the experiment, and obtained a large
desorption signal since the surface area was not a constraining factor.
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The choice of tp is governed by the fact that at a particular Tp, a very short tp creates
a very small signal, while a long tp causes complete desorption. A tp which leads to
less than 10 pulses for complete desorption is usually chosen. Figure 4.3 describes
the concept of the technique.

Figure 4.3 Experiment schematic for pulsed TPD
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From eq. (2.9), the first-order desorption rate equation is given by

−

dθ
(1)
= k des ⋅ θ
dt

(4.1)

Collecting like terms and integrating leads to
dθ
(1)
= − k des dt
θ

(4.2)

and
(1)

lnθ = − k des t + C1 .

(4.3)

The constant C1 can be evaluated using the following boundary condition.
At t = 0, θ = θo (initial coverage), and therefore
C1 = lnθ o .

(4.4)

Also,

k des

(1)

=

1
τ des

,

(4.5)

where τdes is the desorption time constant. Eq. (4.3) becomes

ln

θ
t
=−
.
θo
τ des

(4.6)
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Equivalently,
t

−
θ(t)
= e τ des
θo

(4.7)

or
t

−
N(t)
= e τ des ,
No

(4.8)

where No is the number of adsorbates initially present. Applying eq. (4.8) to a
microhotplate during a pulse of duration tp, gives N(tp) as the adsorbate population
remaining on the microhotplate at time tp. Eq.

(2.10) shows the temperature

dependence of τdes.
The total signal obtained on the nth pulse of the series is given by

An = Aoe

−

nt p
τ des

(4.9)

where,
tp

A o = γN o (e

τ des

− 1)

(4.10)

The factor γ includes pumping effects and the mass spectrometer sampling
geometry, and does not influence the results as long as the pumping time constant
does not change over the pressure range produced by the pulses. A plot of ln(An)
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versus ntp gives the desorption time constant τdes at Tp. From eqs.

(2.10) and

(1)

(4.5), a plot of ln τdes(Tp) versus 1/Tp gives both ν des , and Ea. The advantage of
the method is the simple manner in which the frequency factor and the activation
energy are obtained without the pumping effect complications of the ramp TPD
method as explained in section 3.2.1.
The non-linear decay of the desorption signal An for the CO/Pt system indicates an
activation energy which is coverage dependent, or a variation in the temperature
across the microhotplate surface.
4.4

Microhotplate TPD studies at LASST

The system used for the simultaneous isothermal TPD-conductance experiment was
benzoic acid on SnO2-covered microhotplates. The microhotplate devices were
provided by NIST. The SnO2 film was deposited using tetramethyltin, oxygen, and
argon. Benzoic acid has a low vapor pressure (7x10-3 Torr at 300K) and a freezing
point of ~122°C. Multilayer condensation of benzoic acid on the surface of the
microhotplate was expected to provide a measurable desorption signal and this was
important in light of the limitations imposed on the desorption area by the small
dimensions of the microhotplate. The prospect of studying isothermal desorption
from a single microhotplate presented unique challenges relating to heat transfer,
the signal-to-noise ratio, and dosing. The following section develops and
demonstrates a method to estimate the rate constant for desorption from a
microsensor (a single microhotplate element) using isothermal TPD. The fast
heating rates of the microhotplates and high sensitivity of the differentially pumped
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mass spectrometer88 were combined to allow detection of the extremely low
coverages expected for adsorption on semiconducting metal oxide surfaces. Weisz89
developed a model in 1953 using metal-semiconductor junction analogs that is
frequently accepted as the reason that the coverage of certain types of chemisorbed
species can be limited on semiconductors.

The Weisz model predicts that

chemisorption coverage accompanied by charge transfer is limited to about 1012 cm2

on a semiconductor. The surface area of a single microhotplate is only 10-4 cm2,

although we note that the actual surface area of the granular sensor material on the
microhotplate may be larger. Our analysis shows that measurement of kinetic
parameters from the isothermal desorption of as little as 108 molecules is possible,
which is orders of magnitude lower than would be possible with a typical UHV
thermal desorption system with a typical metal single crystal of area 1 cm2 and
coverage of 1015 cm-2, where a detection limit of 10-3 monolayers corresponds to
1012 molecules. The effects of system pumping had to be considered in the current
work because for the highest desorption rates, the pumping and desorption time
constants are on the same order of magnitude. In addition, a predictive temperature
control method was devised to reduce the heating time constant to 0.2 ms, which
was negligible compared to the desorption time constant over a sufficiently large
range of isothermal desorption temperatures for quantitative analysis to be
performed.
Isothermal TPD was used to measure benzoic acid desorption rates from a single
microhotplate covered by a SnO2 film as the sensing material. Benzoic acid
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(C6H5COOH) is composed of a benzene ring with a single carboxylic acid group. It
was chosen because it is a solid with a low vapor pressure at room temperature and
due to familiarity on account of previous research.90,91 It was expected to yield a
relatively high surface coverage even under ultra high vacuum conditions. Indeed,
Lee, Kuzmych, and Yates observed multilayer adsorption of benzoic acid on
Cu(110) at a surface temperature of 270K.92 However, there is no evidence for
multilayer adsorption (zero order desorption) in the current study. The isothermal
TPD results, which take into consideration the system pumping constraints under
conditions in which the heating rate constant can be neglected, show that desorption
was first order. The pre-exponential and activation energy determined are 1 × 1017
s-1 and 97 kJ/mol respectively.
The remainder of the chapter is structured as follows. First, we present the
experimental setup for isothermal TPD from a microhotplate. Then we develop a
model that includes pumping, desorption, and heating rate effects. For first order
desorption, we analyze the range of parameter space that allows kinetic information
to be determined. Finally, we compare the data to first and second order desorption
models to estimate the kinetic constants for desorption of benzoic acid from a SnO2
microsensor.
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4.5
4.5.1

Experimental technique
Vacuum system

The calibrated thermal desorption system (CTDS),88 in LASST was modified for
the isothermal TPD experiment and is illustrated in Fig. 4.4

Figure 4.4 Schematic of apparatus and electronics for isothermal TPD on
microhotplate sensors.

45

The microhotplate sensor is mounted in a zero-insertion-force (ZIF) socket on a
liquid nitrogen cooled probe and positioned within one millimeter of the mass
spectrometer cone. The sample is exposed to gases by a directed dosing tube. The
ultra high vacuum system is equipped with a differentially-pumped, calibrated mass
spectrometer, sputtering gun, concentric hemispherical electron energy analyzer,
microchannel capillary array doser, dual-anode x-ray source, and a differentiallypumped ultraviolet lamp. The main chamber is pumped with a turbomolecular
pump and an ion pump and has a base pressure of 2 × 10-8 Pa. A modified mass
spectrometer (Balzers QMG 112) assembly resides in a cylindrical shroud, which is
coaxial with the ionizer and the quadrupole. The shroud inlet is an x-axis
translatable cone with a 3.63 mm diameter aperture to allow entry of the species
into the section that is differentially pumped by a second turbomolecular pump. A
schematic drawing of the dosing and mass spectrometer arrangement is shown in
the inset of Fig. 4.4. The shroud was designed88 to meet the following criteria: a)
achieve a linear relationship between the pressure in the ionizer and the mass
spectrometer over four orders of magnitude, b) possess sensitivity to a flux of 1010
molecules/cm2·s, c) provide a pumping time constant of about 6 ms for inert gases,
and d) have a “pumping speed immunity” or weak dependence of the ionizer region
pressure to changes in the pressure at the turbo pump inlet.
The CTDS was modified with a directed dosing tube and sample manipulator for
measuring the desorption kinetics on the microhotplate sensors. Liquid nitrogen
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cooling of the sensors is facilitated by a reservoir connected to the sample
manipulator. The x-y translatable manipulator consisted of a hollow oxygen-free
high conductivity copper tube (for liquid nitrogen) extending into the chamber, onto
which a zero insertion force (ZIF) socket was mounted to hold the ceramic sensor
chip package. A K-type thermocouple was spot-welded to one of the legs of the
sensor chip for measurement of the package temperature. A cylindrical shroud
around the ZIF socket with an aperture for access to the sensors was used to limit
heating by radiation during adsorption and desorption. The minimum temperature
of the microhotplates was approximately 215K when the probe was liquid nitrogen
cooled.
4.5.2

Data acquisition and control electronics

A schematic drawing of the data acquisition and control arrangement is also shown
in Fig. 4.4. The electrical connections to the individually addressable components
of the microhotplate were made using a 20-pin electrical feedthrough connected to
the manipulator. The data acquisition system was configured for pulse-counting
with an FT-100 preamplifier-discriminator (Advanced Research Instruments)
connected to a PCI-CTR05 counter-timer card (ComputerBoards Inc.). A DAS
1002 A/D card (ComputerBoards Inc.) controlled the mass spectrometer and
triggered a function generator (Sony Tektronix AFG310) to output a square voltage
pulse for the microhotplate heater. The A/D card was also configured to measure
the film resistance during the desorption experiment. The data acquisition program
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was written in SoftWIRE™ and Visual Basic to control the DAS 1002 and the PCICTR05 boards.
It is possible to measure the electrical resistance of either the polysilicon heater or
the sensing film on the surface and correlate the value to surface temperature. The
microhotplates have a first order heating time constant, τh, of approximately 3 ms
for a step-change in voltage so the minimum value of the first order desorption time
constant that could be measured was about 30 ms without accounting for the
heating rate. This heating rate limitation is further discussed in Section 4.6.2. To
enable the measurement of higher desorption rates, a predictive temperature control
method was devised as illustrated in Fig. 4.4.
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The function generator in the system description was used to create a square voltage
pulse of approximately one volt, which was fed to a circuit designed to create an
initial spike in the voltage that decays exponentially to the final voltage value. The
signal was then amplified so that the maximum in the initial spike was
approximately 25 V as shown in Fig. 4.5.

Figure 4.5 Tin oxide film conductance response (as a relative measure of surface
temperature) to heater voltage pulse without dosing
This method of temperature control reduced τh to approximately 0.2 ms. The
temperature of the microhotplate was determined by heating the package in a tube
furnace and correlating the resistance of the embedded heater to the furnace
temperature. Then, these temperatures were correlated to the semiconducting SnO2
film resistance in UHV (without any gas present) because the resistance of the SnO2
was found to be more sensitive to temperature than the polysilicon heater. It was
assumed that the SnO2 film on the surface was at the same temperature as the
heater, which is reasonable since there is no heat conduction to the atmosphere in
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vacuum. The film resistance was measured applying a bias of 5V across the film
and a 10 kΩ reference resistor in series. The electrical current through the film was
calculated from the reference voltage measured by the DAS 1002, and this current
was used along with the film voltage to calculate the film resistance. This setup
allows reliable measurement of the resistance at a time resolution as small as 100
µs. The conductance of the film, G, is proportional to its temperature. The voltage
pulse applied to the heater and the film conductance response can be seen in Fig.
4.5.
The increase in the film conductance at the leading edge of the heating pulse in Fig.
4.5 is much faster than the decrease at the falling edge. With the predictive
temperature control, the temperature of the film reaches steady state in
approximately 1 ms and fits τh = 0.2 ms. To compare the effectiveness of the
heating technique, note that the cooling rate when the power is turned off
corresponds to a time constant of 3 ms. The speed of the film’s electrical response
discussed here may be compared with the thermal response observed by Afridi et
al. with infra-red imaging techniques, where the microhotplate reached a steady
state temperature within 2 ms.93
The desorption signal was measured with the mass spectrometer in pulse-counting
mode to maximize the ratio of signal to noise. The pulse-counting preamp converts
the signal from the multiplier for each detected ion into a 120 ns wide voltage pulse
that is detected by the counter card. The counter card uses 3 AMD9513 counters,
two of which were used in cascaded mode to count the 120 ns pulses, and the third
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for synchronization with the heating pulse. The counters were programmed to
integrate for 0.1 ms. The graphing software Igor Pro 5 (Wavemetrics) was used to
fit the experiment data to the model derived in Section 4.6 by optimizing the values
for τdes and τp.
4.5.3

Dosing and desorption procedure

The SnO2 film was cleaned by 3 oxidation and reduction cycles at 650K prior to the
dosing and desorption experiments. The oxidation procedure consisted of heating
the surface in 266 Pa of O2 for 30 minutes at 650K, while the reduction procedure
consisted of heating in vacuum at 650K for 30 minutes. A 650K pulse was applied
to the heater to desorb any surface impurities at the start of each experiment.
Spectroscopic verification of the surface oxidation state and level of contamination
was not possible, but was similar to procedures used previously on macroscopic
samples.94
The experiment consisted of adsorbing benzoic acid on the microhotplate at T ≈
215K, rapidly heating the microhotplate to a high temperature and desorbing the
benzoic acid, and monitoring the desorption peak with a quadrupole mass
spectrometer. Precise alignment of the mass spectrometer shroud cone was
necessary to collect the maximum number of molecules desorbing from the
microhotplate during the heating pulse. The cone was moved in to within 1 mm of
the microhotplate prior to the application of the heating pulse. The microhotplate
chip had four sensors; two with SnO2 films, and two with TiO2 films. However, all
measurements were conducted on one of the SnO2 sensors. The dosing apparatus
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consisted of a glass tube connected to the main chamber by a 6.4 mm outer
diameter stainless steel tube via a leak valve. The stainless steel dosing tube
extended into the chamber to within two centimeters of the sensor chip. The
benzoic acid (99.5%, Aldrich Chemical Co.) was purified by warming it with a hot
air gun while pumping on the glass-tube with a turbomolecular pump. The crystals
sublimed and then condensed on the cooler parts of the tube, releasing trapped
water and air in the process.90,91 The procedure for the benzoic acid desorption
consisted of cooling the sensor to about 215K, applying a 650K clearing pulse,
dosing the benzoic acid at 215K for 120 minutes, and then applying a 500 ms long
heating pulse to the microhotplate and measuring the film resistance with the DAS
1002 A/D board while collecting the mass spectrometer signal (m/z = 105 for the
major fraction of benzoic acid) from the pulse-counting discriminator. Dosing
intervals of 15, 30, 60, 120, and 180 minutes were used to decide the optimum
dosing time, and the desorption signal was found to have reached its maximum
within 120 minutes. Benzoic acid could be desorbed while dosing, and the time
required for saturation of the signal was independent of the amount of time that the
dosing valve had been open, suggesting that dosing was not limited by the time for
the dosing system to reach steady state flux. The base pressure in the system was 6
× 10-8 Pa. The background pressure of benzoic acid during dosing was about 4 × 108

Pa resulting in an estimated dose of greater than 2 × 1015 cm-2 because of the

directed dosing arrangement. We expected benzoic acid to have a sticking
probability of almost unity.95 However, our estimated number of 108 molecules
desorbed, suggests a much lower sticking probability.
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4.6

Theoretical framework

4.6.1

Desorption model

The desorption kinetics can be measured without the influence of system pumping
effects only when the desorption time constant is much larger than the pumping
speed and heating rate time constants. A first order process model is developed in
the following discussion to account for the desorption rate, the pumping speed, and
the heating rate of the microhotplate. Although the concepts of thermal desorption
have

been

well

known

for

years,

particularly

in

temperature

ramp

experiments,81,94,96-103 the current model is unique since it develops a closed-form
solution for the general, isothermal desorption case when the pumping time
constant and the desorption time constant may be of comparable magnitude and
neither can be neglected.
Consider the volume of the mass spectrometer shroud, which the desorbing
molecules enter through the conical opening. A molecule balance on the shroud
volume gives the following relationship
dN
N
= rdes − S ,
dt
V

where

(4.11)

dN
is the rate that molecules accumulate in the shroud (molecules/s), rdes is
dt

the rate that desorbing molecules enter the shroud (molecules/s), S is the pumping
speed of the shroud (m3/s) and N/V represents the molecular concentration in the
shroud volume (molecules/m3).
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To write Eq. (4.11) in terms of the pressure in the shroud, we use the ideal gas law:
 V  1
N = P
 = P 
 k BTg   A 

(4.12)

where kB is Boltzmann’s constant, Tg is the gas temperature in the shroud, and A is
a convenient grouping of constants: kBTg/V. Then Eq. (4.11) becomes:
P
d 
A =r − S P
des
dt
VA

(4.13)

and defining a characteristic pumping time constant, τp , as

τp =

V
S

(4.14)

then the first order differential equation relating the shroud pressure to the
desorption rate is
dP P
+
= Ardes
dt τ p
.

(4.15)

The desorption rate is a function of surface coverage and, therefore, varies during
the isothermal TPD experiment. The model at this point is completely general.
The intensity of the mass spectrometer signal (counts per second, cps) was
calibrated by calculating the flow of benzoic acid into the shroud based on the
background pressure of benzoic acid in the chamber during dosing. The flow of
molecules into the shroud was used to determine a proportionality constant relating
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the shroud pressure to signal intensity. The flux of molecules impinging the shroud
aperture Γ [molecules/cm2·s], is
Γ=

PCTDS

(4.16)

2πmk B Tg

where PCTDS is the partial pressure of benzoic acid in the chamber, m is the
molecular mass, and kB is the Boltzmann constant. The flow of molecules into the
shroud is the product of Γ and the aperture area, Aaperture, so from Eq. (4.15) with
rdes replaced with the flow, the steady-state pressure in the shroud is then
P = A ⋅ τ p ⋅ Γ ⋅ A aperture ,

(4.17)

and the signal intensity is
I = α ⋅ τ p ⋅ Γ ⋅ A aperture ,

(4.18)

where α is the product of A and a proportionality constant relating pressure to
signal intensity. Therefore all equations in terms of pressure can easily be
transformed to terms of intensity by replacing P with I and replacing A with α . The
partial pressure of benzoic acid in the chamber, PCTDS, was approximately 4 × 10-8
Pa during dosing, so the flux of benzoic acid was 5 × 1010 molecules/cm2·s. The
intensity of the peak for m/z = 105 was 6.5 × 105 cps, the circular aperture diameter
is 3.6 mm, and we will show later that τp ≈ 6 ms. Therefore the value of α was
estimated to be 0.02 cps/benzoic acid molecule.
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Next, we adapt Eq. (4.15) for zero, first, and second order desorption kinetics. The
rate of desorption from a surface with N S molecules is
rdes = −

dN S
n
= k n NS ,
dt

(4.19)

where n is the desorption order and kn is a temperature-dependent rate constant that
we will assume follows the Arrhenius form
k n = νe

-E des
RT

,

(4.20)

in which ν is the prefactor, Edes is the activation energy for desorption, R is the ideal
gas constant, and T is the surface temperature. We consider the cases of zero, first,
and second order desorption, and show that their functional forms offer the
possibility of determining the order of simple processes from the data. This is in
contrast to temperature ramp TPD, in which the order is assumed prior to data
analysis.

Zero order desorption (multilayer)

For the case of zero order kinetics (n = 0), the rate of desorption is
rdes = −

dN s
= k0
dt

for t ≤ t N ,

(4.21)

where tN represents the time at which the last molecule desorbs.
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The differential equation for zero order kinetics relating pressure to desorption rate
is then given by
dP P
+
= A ⋅ k0 ,
dt τ p

(4.22)

which yields
P( t ) = A ⋅ k 0 ⋅ τ p ⋅ (1 − e

−

t
τp

) , (t ≤ tN )

(4.23)

After all molecules have desorbed, the right side of Eq. (4.22) is zero and
P(t) = A ⋅ k 0 ⋅ τ p ⋅ (e

tN
τp

− 1) ⋅ e

−

t
τp

, (t > tN)

(4.24)

The time tN may be derived by integrating Eq. (4.21) to obtain
tN =

N S,0

(4.25)

k0
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Figure 4.6 shows the calculated pressure signal for zero order desorption for a range
of surface coverage. Both the rising and falling time constants are determined by τp,
and during a steady state condition, the pressure is independent of coverage.

Figure 4.6 Modeled signal response for zero order isothermal desorption.
First order desorption

Integrating Eq. (4.19) for first order desorption (n = 1) from a surface with
initially N S,0 molecules yields
N S (t) = N S,0 e − k1t

.

(4.26)
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The number of molecules that have desorbed at time t are then given by Ndes(t):
N des (t) = N S,0 − N S (t)

(4.27)

and substituting Eq. (4.26) into Eq. (4.27) and differentiating yield the time
dependent desorption rate
rdes =

dN des (t)
= NS,0 k1e − k 1t .
dt

(4.28)

As with the pumping time constant, a characteristic time constant for desorption can
be defined as

τ des =

1
.
k1

(4.29)

Now Eq. (4.15) can be written as
t

N S,0 − τ des
dP P
+
= A⋅
⋅e
, (n=1)
dt τ p
τ des

(4.30)

which may be solved analytically using Laplace transforms or an integrating factor,
and the solution is given by

 τp
P = A ⋅ N S,0 
τ −τ
des
 p

t
t
−
 − τ p
 e − e τ des




 + P ,(n=1)
 0
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(4.31)

To compare the modeled pressure with the signal intensity from the experiment
data, using Eqs. (4.17) and (4.18), Eq. (4.31) may be written as
t
t
−
 τ p  − τ p
τ
des
 e −e
I = α ⋅ N S,0 
 τ − τ 
p
des




 + I , (n=1)
 0


(4.32)

where I0 is the background signal intensity. For the special case of τp = τdes = τ, the
solution to Eq. (4.30) is given by

P=

A ⋅ N S,0 ⋅ t
τ

⋅e

−

t
τ

+ P0

, (n=1)

.

(4.33)
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Figure 4.7 shows the calculated pressure signal for first order desorption for various
coverages. Notice that the peak time is independent of coverage.

Figure 4.7 Modeled signal response for first order isothermal desorption.

The predicted effects of the desorption and pumping time constants on the pressure
response are shown in Fig. 4.8 and Fig. 4.9 for the first order desorption case using
parameters typical of our experimental system. For the case of benzoic acid on a
SnO2 microhotplate, no desorption signal could be detected for desorption
temperatures below approximately 300K. At this temperature, desorption occurs
over a time on the order of 1000 ms, and it is desirable to measure desorption rates
spanning a few orders of magnitude so that kinetic parameters can be determined.
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Therefore, the maximum desorption rates would occur on a 1 ms time scale which
is comparable to the 6 ms pumping time constant measured for the CTDS system.
We show the simulated mass spectrometer signal as a function of these parameters
for first order desorption assuming an instantaneous temperature step.

Figure 4.8 Modeled signal response to
varying τp for constant τdes.

For τ des = 1 ms, Fig. 4.8 illustrates how the signal intensity initially increases with
increasing τp because the molecules reside in the ionizer longer. However, as τp
increases further (τp > 10 τdes), the signal saturates and the decay of the signal is
controlled by the pumping speed. Decreasing τ des for τp = 10 ms, also increases
the signal response, as shown in Fig.4.9, where τp = 10 ms was chosen since the
characteristic pumping time constant of the CTDS system for noble gases is of the
same order of magnitude. The effects of extremely slow pumping can be seen in
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Fig. 4.8, while Fig. 4.9 shows how the time dependent signal will evolve as the
isothermal desorption temperature increases (i.e. τ des decreases) for a fixed pumping
time constant.

Figure 4.9. Modeled signal response to varying τdes for constant τp.

The desorption time constant can be determined directly from the system
response in the extremes of both relatively fast and relatively slow pumping. For
the case of relatively fast pumping ( τp << τ des ), Eq. (4.31) is simplified to

 τp
P ≈ A ⋅ N S,0 
 τ des

t

 − τ des
e
+ P0


, (n=1, τp<<τdes)
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(4.34)

By substituting Eqs. (4.28) and (4.29) into Eq. (4.34), the model predicts the
pressure to be proportional to the rate of desorption as was the case in the work of
DeAngelis and Anton:

P ≈ A ⋅ τ p ⋅ rdes + P0

, (n=1, τp<<τdes) .

(4.35)

For the case of relatively slow pumping ( τp >> τ des ), Eq. (4.31) simplifies to

t
−

P ≈ A ⋅ N S,0  1 - e τ des




+P
 0


, (n=1, τp>>τdes) .

(4.36)

Performing a desorption experiment without pumping the mass spectrometer (in our
case, by closing the gate valve to isolate the mass spectrometer from the
turbomolecular pump), may thus provide the desorption time constant even for a
pumping limited situation.
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The dependence of the modeled asymptotic pumping signal on the desorption time
constant is evident in the rise time of the curves in Fig. 4.10.

Figure 4.10. Modeled pressure signal for the pumping controlled regime.

Second order desorption

For the case of second order desorption, the rate equation may be written as
rdes = −

dN S
2
= k 2 ⋅ NS
dt

, (n=2)

.

(4.37)

On integrating Eq. (4.37) with the initial condition of NS=NS,0 at t=0, we obtain
N S (t) =

N S,0
k 2 ⋅ N S,0 ⋅ t + 1

, (n=2)

.

(4.38)

Equation (4.15) for the second order case then yields
2

A ⋅ k 2 ⋅ N S, 0
dP P
+
=
dt τ p (k 2 ⋅ N S,0 ⋅ t + 1)2

, (n=2)
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.

(4.39)

The analytical solution obtained by using an integrating factor is given by
P( t ) = e

−

t
τp

(f ( t ) − f (0) )

, (n=2)

(4.40)

where
t


1
τp
−
 k 2 ⋅ N S, 0 ⋅ t + 1  
A  τ p ⋅ k 2 ⋅ N S, 0 ⋅ e
τ p ⋅k 2 ⋅ N S , 0
 ,
f (t) =
+e
⋅ Ei
−
 τ ⋅k ⋅N

τ p ⋅ k 2  k 2 ⋅ N S, 0 ⋅ t + 1
S, 0  
 p 2



(n=2)

(4.41)

The exponential integral Ei(x) is
x

Ei( x ) =

eu
∫ u du
−∞

, (x>0).

(4.42)
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Figure 4.11 shows the effect of coverage on the desorption signal for second order
desorption. Notice that the peak time decreases as the coverage increases.

Figure 4.11. Modeled signal response for second order isothermal desorption.

4.6.2

Effect of system constraints on desorption kinetics measurements

4.6.2.1 Comparison of zero, first and second order kinetics

There are several ways to distinguish the order of desorption from isothermal
desorption data. A comparison of the theoretical zero, first and second order
desorption spectra shows that zero order kinetics predicts distinctly different
desorption characteristics when compared to first and second order desorption
which are more similar to each other. For zero order desorption, the exponential
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rise and fall time constants are equal to τp and so the dynamics contain no
information regarding k0. This information is only contained in the magnitude of
the plateau at high coverages. First and second order desorption can be
distinguished if experiments can be conducted with varying surface coverage,
since the peak time shifts for second order but not first. Alternatively, with
sufficient signal to noise ratio, the time dependent signals can be distinguished
because the tail of the desorption spectrum persists longer for second order. By
fitting a desorption spectrum to first and second order models, the quality of the
fits can be evaluated by comparing chi-squared values for each model. Arrhenius
analysis can be done for a set of desorption spectra at different temperatures using
fits to both first and second order models. The relative linearity of the two plots
may indicate that one model is preferred over the other. Also, with a calibrated
system, the initial coverage can be determined from the area under the desorption
curve, which allows us to calculate the second order prefactor. The
reasonableness of the prefactors that are obtained through the Arrhenius analyses,
can then be compared with transition state theory and literature values.

4.6.2.2 Sensitivity and detection limits

Measuring a desorption signal from a single microhotplate requires high instrument
sensitivity, and high desorption rates because of the low total molecular surface
coverage on a 10-4 cm2 device. To predict the regime in which a desorption signal
can be measured, we constructed the 3-D plot in Fig. 4.12 which quantifies how the
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peak desorption pressure for a first order desorption pulse (like those in Fig. 4.8)
vary with the desorption and pumping time constants for different initial coverages.

detection limit

fast desorption regime
(Eq. 4.36)

Figure 4.12. Dependence of the peak desorption pressure on the desorption and
pumping time constants for the indicated number of molecules

Equation (4.31) was used to predict the maximum desorption pressure for a range
of τ des and τ p in the limit of τh = 0. The value of NS,0 = 108 molecules represents
0.1 % of a monolayer on the sensing film as predicted by the Weisz model, which is
a conservative estimate. The instrument sensitivity and signal-to-noise determines
the limit of detection. The lowest measurable pressure for our mass spectrometer is
1 × 10-10 Pa, and that imposes a limit in the form of the bottom plane of the plot in
Fig. 4.12. The lower limit of τ des = 1 ms was chosen because of heating rate
limitations which will be discussed in the next section. Increasing the desorption
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rate (i.e. increasing the isothermal desorption temperature, which decreases τ des )
improves the sensitivity. However, when τ des is much smaller than τ p , the initial
height of the peak is

proportional to the number of molecules that

“instantaneously” desorbed, and the shape of the curve is independent of τ des . The
surfaces for lower values of NS,0, down to 107 molecules, lie above the 10-10 Pa
detection limit, but they are in the relatively fast desorption regime and offer no
estimate for the desorption time constant. So, τ des and τ p must be chosen such that
the peak desorption signal is greater than the detection limit (i.e. Pmax>Pdet), but still
in the fast desorption regime (τp ≤ τdes). In principle, if τp could be varied along
with the desorption temperature, optimal conditions (with the signal near the top of
the steep surface) could be maintained to give the best signal to noise at all
temperatures.

In our system the pumping time constant was not variable.

Nevertheless, it is remarkable to be able, as we will show, to detect and quantify the
desorption parameters from such a low quantity of adsorbates (108 molecules or 1
femtomole).
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The model can be used to estimate the bounds of the operating space in which
desorption kinetics can be studied for a particular mass spectrometer detection limit.
The calculated maximum in the desorption signal is shown in Fig. 4.12 for three
initial coverages assuming all desorbing molecules enter the mass spectrometer
shroud. The lowest pressure in Fig. 4.12 represents our estimated lower detection
limit, and ideally, a pumping time constant less than one tenth of the desorption
time constant is desired and that defines a narrow region in the time constant x-y
plane.
4.6.2.3 Heating rate limitations

The pressure response model developed in Eq. (4.31) assumes the heating rate is
much greater than the desorption rate. The limits of heating rate can be explored by
approximating the microhotplate’s response, T(t),

to a step change in heater

voltage as a first order process
T(t) = Tf − (Tf − Ti ) ⋅ e

−

t
τh

(4.43)

Tf and Ti are the final and initial temperatures of the sensor, and τh is a
characteristic heating rate constant.
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The time-varying desorption rate constant is then
-E des

k n (t) = νe

t

−

R  Tf − (Tf − Ti )⋅e τ h









(4.44)

which was used along with Eq. (4.29) and Eq. (4.30) to predict a pressure response
for a first order process. The equations were solved numerically for Edes= 122
kJ/mol, ν =1013 s-1, and a range of τh. Edes was chosen so that τdes = 1 ms at Tf =
650K and Ti = 210K. The results are presented in Fig. 4.13.

Figure 4.13. Effect of τh on the desorption kinetics as it approaches τdes for a
range of heating rates and for τp = 10 ms and τdes = 1 ms.

The case for no heating rate limitation is represented by the curve for a τh = 0 ms.
As shown in Fig. 4.13, a small temporal offset (≈3 τh) is observed when τh is within
an order of magnitude of the desorption rate constant, and τh does not affect the
shape and height of the desorption curve when it is 10 times smaller than τdes. We
72

have used these criteria in restricting the range of desorption temperature for
analysis of the data, so that we could use analytical expressions in the curve fitting
process and obtain estimates of the uncertainties in the parameters. It would be
possible to solve the full, three parameter (τdes, τ p , and τh) differential equations
numerically, which would extend the range but increase the complexity of error
analysis.
4.7

Results and discussion

Isothermal desorption measurements were made for temperatures ranging from
296-347K, and the results are shown in Fig. 4.14. Comparison of the shapes of the
curves for the zero, first, and second order desorption models in Figs. 4.6, 4.7, 4.9
and 4.11 to the data indicate that desorption might be either first or second order.
We believe the desorption data are best represented by first order kinetics based on
a number of criteria. These include goodness of fit, as well as the reasonableness of
the calculated kinetic parameters. Therefore, we will first discuss how the data
were analyzed using our first order model, present the results from a similar
analysis using the second order model, and then compare the important facts which
rule out second order kinetics.
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The first order time constants were determined at each temperature by the fitting the
desorption curve with the modeled curve. The fitted curves are presented along
with the experiment data in Fig. 4.14.

Figure 4.14. Comparison of model and experiment desorption curves for different
surface temperatures for desorption of benzoic acid on a SnO2 microsensor with
nominal surface area of 10-4 cm2.

The value of τp ranged from 4-7 ms. The confidence intervals for the τp values
ranged from 1-6 ms, with the larger relative uncertainties for curves near 300K. To
obtain an independent estimate of the pumping time constant, desorption at 650K
was also measured, since the desorption time constant at this temperature was much
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smaller than the pumping time constant, and as a result, the curvature of the
desorption signal was dominated by τp. The value of τp determined from the 650K
desorption was 5 ms. The observed variation in fitted τp may have resulted from
changes in shroud temperature, which could affect the sticking of benzoic acid on
surfaces in the mass spectrometer. Indeed, the pumping time constant has been
observed to increase after long periods of operating the mass spectrometer ionizer.
Therefore, the ionizer was only operated for 5 minute periods prior to conducting
desorption experiments. The data were integrated for 1 ms intervals to reduce
computation since the heating time constant limited our measurements to τdes > 2
ms.
The desorption curves obtained from the experiment qualitatively resemble those
predicted by the first order model for the various regimes of τdes shown in Fig. 4.9
as the surface temperature was increased. The desorption curve for 296K fits τdes =
730 ± 390 ms, the curve for 306K fits τdes = 200 ± 80 ms, and desorption for 316K
fits τdes = 57 ± 3 ms. The 324K desorption has a τdes = 24 ± 2 ms, the 333K data has
a τdes = 7 ± 4 ms, and the 347K data fit τdes = 2 ± 1 ms. At the lower surface
temperatures, the lower signal-to-background ratio contributes to the larger
uncertainties in τdes. The smallest uncertainties are observed for the mid-range
temperature values between 306K and 325K. The higher-temperature desorption
curves have shorter tails with higher peaks, consistent with the rapid desorption of
the adsorbed molecules. The relative uncertainties increase again at the higher
temperatures, where τdes is comparable to τp. Since the desorption time constant is
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smaller than the pumping time constant, the information related to τdes is primarily
contained in the first few milliseconds at the higher temperatures and is limited by
the temporal resolution and signal-to-noise. Also, the finite heating rate becomes
more important at the higher temperatures which, on the basis of the criteria
discussed in the previous section, limits the measurement to temperatures below
which τdes is greater than about 2 ms. Therefore, the highest surface temperature
used for the kinetic analysis was 347K, which corresponded to τdes≈2 ms. The
analysis of the experiment data using the model also provided an estimate of the
number of molecules adsorbed on the surface. The calibration of the signal intensity
with pressure in the mass spectrometer shroud enabled the determination of the
coverage on the microhotplate surface. The values of NS,0 estimated from the first
order fits to the data using the calibration factor α , as well as independent estimates
of the values obtained by integrating the areas under the desorption curves, ranged
from 3 × 107 to 8 × 108 molecules with an average value of 3 × 108 molecules.
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An Arrhenius plot of the first order desorption time constants is presented in Fig.
4.15. The error bars associated with each data point represent the 95% confidence
interval for the τdes values. The values of the desorption activation energy and the
rate constant prefactor were determined from a confidence-weighted linear fit to
ln(τdes) vs. 1/T.

Figure 4.15. Arrhenius plot of τdes as a function of 1/T.

The slope and intercept from this analysis are 97 ± 10 kJ/mol and 1 × 1017 s-1
respectively. The 95% confidence interval for the prefactor was estimated to range
from 4 × 1015 s-1 to 6 × 1018 s-1. The prefactor differs from the commonly assumed
value of 1013 s-1 but a review of pre-exponential values observed in desorption from
metals104 and semiconductors105 shows that the distribution of prefactors can vary
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four orders of magnitude above and below 1013 s-1 for first order desorption. Thus
our results are well within this range for first order desorption. For higher fractional
coverage, simple analysis methods can lead to “false” compensation effects,
resulting in errors in Ed of 10 kJ/mol and ν1 by several orders of magnitude.
However, Niemantsverdriet showed that the simple methods work correctly in the
limit of zero coverage.103 Based on our estimate of 108 molecules desorbed and a
minimum surface area 10-4 cm2, the fractional coverage is less than 0.005
monolayers.
The desorption spectra were also fitted to the second order model using techniques
similar to those for the first order analysis. An Arrhenius plot of ln(k2) vs 1/T was
non-linear and gave a desorption energy of 121 ± 65 kJ/mol with a prefactor of 8 ×
108 cm2/s. The 95% confidence interval for the prefactor was estimated to be from
1 × 10-2 cm2/s to 4 × 1019 cm2/s. The unreasonably high prefactor from the second
order analysis and the non-linearity of the Arrhenius plots shows that second order
desorption kinetics does not fit our experiment data very well. The second order fits
for the two surface temperatures which had the lowest uncertainty (324K, 316K)
showed higher chi-squared values than the first order fits, with lower values
indicating better quality of fit. In 2001, Lilach et al.106 studied isothermal desorption
of N2 on Ru(001) and demonstrated that a plot of the reciprocal of the square-root
of the pressure signal ( 1

P( t ) ) versus time should be linear for second order

desorption with relatively fast pumping speed.

78

Since the method is very sensitive to the choice of baseline and our data contain
significant contributions from the pumping time, this analysis did not clearly
distinguish between first and second order.
The chemistry of benzoic acid was previously studied on other oxides, viz. on
TiO2(110), by Guo et al. in 199795 and on powdered ZnO and ZrO2 by de Lange et
al. in 2001.107 Benzoic acid was found to dissociate on reduced TiO2(110) (1×1) at
room temperature to form a bidentate benzoate p(2×1) and a surface hydroxyl. The
adsorbed benzoate was observed to be bound to two Ti4+ cations by the oxygens in
the benzoate and have an upright surface configuration with the molecular axis
perpendicular to the surface. Guo et al. noted that annealing the surface to
temperatures above 450K led to the loss of surface hydroxyl and benzoate species
most probably by recombinative desorption. De Lange et al. observed that benzoic
acid was deoxygenated to benzaldehyde at oxygen vacancies on powdered ZnO and
ZrO2 at temperatures ranging from 600-700K. They observed the further slow
decomposition of strongly bound benzoates to yield benzene and benzophenone
beyond 620K.
No evidence for dissociative chemisorption on SnO2 was found in the current study.
Instead, molecular desorption of weakly-bound benzoic acid is believed to have
been observed from the SnO2 film in the 296-347K range. The calculated
desorption energy, within experimental uncertainty, is not significantly larger than
the multilayer desorption energy of 91.5 kJ/mol measured for benzoic acid on
Cu(110)92 or the heat of sublimation of benzoic acid, which is 91.2 kJ/mol.108 If the
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strength of the molecule-surface interaction is comparable to that of moleculemolecule interactions, then at low coverage (θ ≤ 0.005 monolayers), we expect the
benzoic acid to be adsorbed essentially in the first layer. The observed time
dependent curves are consistent with first order desorption with coverage limited to
less than a monolayer. If the molecule-surface interaction were weaker than the
molecule-molecule interaction and diffusion during adsorption was rapid then
multilayer formation would be possible essentially forming 3-dimensional islands,
even though the total fractional coverage is less than 0.005 monolayers. Comparing
the results in Fig. 4.14 with the low coverage curves of Fig. 4.6, our desorption
spectra are inconsistent with zero order kinetics. The curves should all have an
exponential rise and fall, with the same time constant, τp ≈ 6 ms. At higher
temperature (Eq. 4.23), the amplitude would be larger, but for the same initial
coverage, the time to deplete the surface tN, would be smaller. The results in Fig.
4.14 are not consistent with this. Although our calibration gave a fractional
coverage much less than one, we know that for coverages larger than one, the
isothermal desorption spectrum for zero order kinetics would have a plateau where

the constant desorption rate would be equal to the pumping rate. Under no
conditions do we observe such a plateau in our data.
Our results do not preclude deprotonation to benzoate on the surface as observed by
Guo et al. on TiO2(110), but benzoate would have either further decomposed and
desorbed as benzaldehyde or other decomposition products or it would have
recombined with surface hydroxyls to desorb as benzoic acid. To determine
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whether there was significant decomposition of benzoic acid on the surface, we
compared desorption spectra for m/z = 44 (CO2), m/z = 18 (H2O), m/z = 122
(benzoic acid parent molecule), and m/z = 105 (benzoic acid major fragment and
benzaldehyde parent molecule). The relative areas for the m/z = 105 and m/z = 122
are consistent with benzoic acid, not benzaldehyde, and there is no evidence for
CO2 or H2O desorption in this study.
In the study by Ma, Amar and Frederick94 of methanol on WO3, methanol was
observed using UPS to adsorb molecularly on the oxidized surface, but to dissociate
into methoxy and hydroxyls on the reduced surface. However, the desorption
kinetics could be modeled using first order kinetics in both cases. They ascribed this
to the possibility that the hydroxyl and methoxy groups were not very mobile, and
therefore did not have to diffuse around the surface before reacting with each other.
Such a process would be consistent with first order desorption, but we have no
spectroscopic evidence in support of it.
4.8

Conclusions

The technique presented in this chapter shows how the desorption energy and the
pre-exponential factor can be determined for a model system in ultra-high vacuum,
under conditions where the pumping speed plays an influential role in the observed
desorption spectra. The technique makes it possible to characterize the adsorption
energy for an analyte on an actual microhotplate gas sensor which has an extremely
small surface area and number of adsorbates (as small as 108 molecules) by taking
advantage of the extremely large heating rates (up to 106 K/s) of microhotplate
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sensors. Modeling the desorption kinetics in this fashion, while accounting for the
pumping and heating rates can lead to the extraction of the desorption parameters in
a straightforward manner, establish the regimes in which a measurable desorption
signal may be observed, and provide an estimate of the coverage. Using adsorption
of benzoic acid on a SnO2 sensor, we have demonstrated from the results in Fig.
4.14 and Fig. 4.15 that it is possible to measure the desorption time constant
independently of the pumping time constant in regimes where the two are
comparable.
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Chapter 5

MICROHOTPLATES TO PROBE SURFACE KINETICS FOR ALCOHOL
REACTIONS ON METAL OXIDES
5

Introduction

We showed in Chapter 4 that we can detect extremely small, sub-femtomolar
quantities of molecules desorbing from a single microhotplate sensor and extract
information about the desorption kinetics. Further development of the technique to
measure both reaction kinetics and conductivity changes in the sensing film on a
microhotplate would open up a number of possibilities to study fundamental
aspects of the sensing mechanism in chemical sensing in general, and in
temperature programmed sensing with microhotplate sensors specifically. The
process of correlating film resistance to reaction kinetics involves developing
techniques to measure each of the steps in the reaction process, i.e. the adsorption,
reaction, and desorption steps, and then to relate changes in surface coverage or the
magnitude of reaction rates to conductivity changes.

Finding a chemical system

that could be studied within the constraints of the microhotplate sensor and UHV
system was a further challenge.
As Cavicchi, et al. have shown, the rapid heating pulses that can be generated with
microhotplates allow each of the steps in the reaction to be elucidated in the time
domain, much like molecular beam and pump-probe experiments.87 For example, if
the temperature of an initially clean surface is lowered to a point where adsorption
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occurs and is held there for varying periods of time before pulsing to a high
temperature to cause desorption , then the sticking coefficient as a function of
surface temperature and coverage could be measured. Similarly, experiments might
be designed in which two reactants are coadsorbed at low temperature, then the
surface temperature raised to a point where reaction can occur, and held for varying
amounts of time before pulsing to a desorption temperature, so that the total amount
of products generated is a probe of the surface reaction rate at the reaction
temperature. Recent work94,109 has shown that on oxide surfaces, diffusion rates are
not necessarily fast compared to desorption rates. Therefore, in performing such
reaction rate measurements,

understanding the relative rates of diffusion and

desorption are critical, since rapid diffusion would increase the amount of products .
Although the analysis of the desorption data in Chapter 4 focused on simple,
coverage independent processes, effects such as the interactions between ionic
adsorbates, could easily produce coverage-dependent desorption parameters while
the heterogeneity of polycrystalline oxide films could generate a distribution of
adsorption site energies. As we will show, by measuring the desorption rate at
different isothermal desorption temperatures, partial desorption spectra contain
information about the adsorption site energy distribution.
In addition to the experimental design challenges, a number of practical constraints
had to be considered. Chemiresistive sensors are based on SnO2 and TiO2;
knowledge of oxide surface reactions is not as extensive as on metals and the lower
reactivity of oxide materials makes studying these processes under UHV conditions
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considerably more difficult. Despite the extremely high heating rates that can be
achieved with microhotplates, the temperature range and ability to verify the low
temperature end of the range accurately is limited, which is a significant constraint
on the choice of chemical systems that could be investigated with the current
generation of devices. Because the size of microhotplates is only 100 x 100 µm2,
surface characterization with conventional surface spectroscopies requires higher
spatial resolution instruments than were available on our system. These were some
of the major factors considered in choosing a system to study.
Aliphatic alcohols have been used extensively to study catalytic reactions and to
probe the Bronsted acid-base properties of metal oxides.110 The various reaction
products of alcohols normally observed on metal oxides typically occur in two
distinct temperature ranges. This suggested a promising avenue to demonstrate
new capabilities with the isothermal desorption technique and elucidate the
interplay of such factors as system pumping effects, the heating rate, the desorption
rate, the desorption temperature, the oxidation state of the film surface, and the
consequent effect on the sensor’s electrical conductivity.
In Section 5.2, we present a review of literature for alcohols on oxide surfaces.
Then, the results are presented and discussed in Section 5.3. We briefly discuss in
section 5.3.1 initial measurements with methanol and butanol that reveal significant
limitations of the temperature range of microhotplate sensors for the proposed
work.

Section 5.3.2 presents measurements aimed at measuring the sticking

coefficient for propanol on a sensor with a TiO2 film. There, we discuss issues
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related to preparing the microhotplate surface and adsorbate coverage reproducibly
for sticking, as well as subsequent reaction or fractional desorption measurements.
Section 5.3.3 presents measurements of conversion on both SnO2 and TiO2 sensor
devices.

In Section 5.3.4, we present isothermal desorption measurements of

isopropanol desorption as a function of desorption temperature, carried out
experimentally in a manner similar to the methods of Chapter 4. However, analysis
of the data revealed that the desorbed amount was a strong function of the
isothermal desorption temperature, leading to inconsistencies if using the analysis
methods developed in our previous work.

We therefore present first an

approximate analysis approach which is then expanded into a Monte-Carlo analysis
method for incorporating the broad adsorption site energy distribution. Finally, we
summarize the chapter in Section 5.3.
5.1

Reactions of alcohols on metal oxides

This section discusses the reactions of alcohols studied on metal oxides on both
reduced and oxidized surfaces of powders, polycrystalline films, and single crystals
reported in literature using various spectroscopic techniques. The results found in
literature for the reaction products of alcohols on the metal oxides are summarized
in Table 5.1 and each alcohol is discussed separately in sections 5.1.1 through 5.1.3.
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Table 5.1 Reaction products of alcohols on oxides from literature
Alcohol

Metal Oxide

Major Reaction Products,

Author(s)

Desorption Temperature

methanol

oxidized TiO2

methanol, water 390K formaldehyde,

anatase powder

dimethyl ether, methane, carbon

110

monoxide, water 675K
methanol

reduced TiO2

methanol, methane 375K, methanol

(001) single

380K, methane 590K,

crystal

carbon monoxide 600K,

111

water 800K
methanol

methanol

{011} faceted

methane 610K, methanol 625K,

TiO2 (001)

formaldehyde, hydrogen 640K

single crystal

water > 500K

oxidized SnO2

methanol 215K, 310K, 450K

(110) single

”

112

formaldehyde 450K

crystal, 170K
adsorption
methanol

reduced SnO2

methanol 310K, 420K,

(110) single

formaldehyde 450K

”

crystal, 170K
adsorption
methanol

methanol

oxidized SnO2

methanol 310K,

powder

formaldehyde 373K

oxidized,

methanol 200-400K
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113

94

reduced WO3
(001) single
crystal
methanol

oxidized TiO2

methanol 320K, 400K, water 320K

114

(110) single
crystal
methanol

reduced TiO2

methanol, water 300-400K,

(110) single

methane 535K

”

crystal
ethanol

ethanol

ethanol

oxidized TiO2

water, ethanol 350-450K

rutile, anatase

ethylene, ethane, acetaldehyde,

powder

diethyl ether 600-650K

reduced

ethanol, acetaldehyde, ethene 480K,

ZnO(0001)

carbon monoxide, carbon dioxide

single crystal

590K, water 350K

oxidized,

ethanol, water 200-300K

reduced WO3

ethylene 650K

115

116

117

thin film
140K
adsorption
ethanol

oxidized TiO2

ethanol, water 350K, 390K

anatase powder

acetaldehyde, ethylene, diethyl ether,

110

water 590-615K
1-

oxidized TiO2

1-propanol, water 390K

propanol

anatase powder

propene, di-n-propyl ether,
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110

propionaldehyde, water 620K
1propanol

reduced

hydrogen, propionaldehyde 490K

ZnO(0001)

carbon dioxide 600K, 800K

single crystal

carbon monoxide 800K

116

180K
adsorption
1propanol

reduced

propionaldehyde 445K, carbon

ZnO(0001)

dioxide 600K, 800K, carbon

single crystal

monoxide 800K

”

300K
adsorption
1propanol

oxidized WO3

1-propanol 430K, water 430K, 750K,

(001) single

propene 400, 710K

118

crystal
2-

oxidized TiO2

2-propanol, water 390K,

propanol

anatase powder

propene, water 550K

oxidized,

2-propanol, water 300-400K

reduced WO3

propene 500K

2propanol

110

117

(001) single
crystal, 140K
adsorption
2propanol

oxidized WO3

2-propanol 430K, propene 650K,

(001) single

water 400, 660K

118

crystal
1-butanol reduced

1-butanol 300-500K, butane,
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119

polycrystalline

butyraldehyde, hydrogen 550K

ZnO film
2-butanol reduced
polycrystalline

2-butanol 420K, 2-butanone, butane,

119

hydrogen 500K

ZnO film
t-butanol

oxidized WO3

water, isobutylene 500K

118

(001) single
crystal

5.1.1

Methanol

The simplest aliphatic alcohol, methanol, has been studied on a variety of oxide
surfaces. Kim and Barteau110 found that TPD of chemisorbed methanol on oxidized
TiO2 anatase powder in a flow reactor and a high-vacuum microbalance system
gave rise to two groups of desorption peaks. The first group included a methanol
and water peak at 390K, while the second group included formaldehyde, dimethyl
ether, methane, carbon monoxide, and water as major products, and methanol and
hydrogen in small proportions. The second group of peaks was observed near 675K
and was attributed to the decomposition of surface methoxy species. They also
studied the room temperature adsorption of methanol on a TiO2(001) single crystal
using XPS (X-Ray Photoelectron Spectroscopy) and TPD.111 They found that on an
Ar+ bombarded surface, methanol and methane peaks were evident at 375K. The
higher temperature peaks included methanol at 580K, methane at 590K, carbon
monoxide at 600K, and a water peak near 800K. Methanol was the dominant peak
90

in both the temperature ranges. Annealing the sputtered surface in vacuum at 750K
converted it into a {011} facetted surface. This surface showed a methane peak at
610K, methanol at 625K, and a formaldehyde peak with a small hydrogen peak at
640K. The water signal increased above 500K, and methanol was the dominant
product for the low and high temperature regimes. Further annealing the {011}
surface in vacuum created the {114} faceted surface, and it showed methanol,
methane, and water desorption peaks at 365K, followed by a dimethyl ether peak at
400K. The higher temperature products included methanol at 620K, methane at
630K, and formaldehyde at 650K. Water desorption was seen above 600K.
Farfan-Arribas et al.114 studied methanol adsorption on TiO2(110). They found
methanol desorption peak near 320K, a shoulder at 400K, and a small water peak
near 320K from the stoichiometric surface. They reduced the surface using an
electron beam and found a methane peak at 535K in addition to methanol and water
peaks in the 320-400K range.
These studies suggest that the state of the surface and the time at intermediate
surface reaction temperatures may be critical to understanding the branching ratio
between molecular desorption of methanol and formation of reaction intermediates
that lead to recombinative desorption of methanol and other products, including
partial oxidation (formaldehyde), complete oxidation (CO2), and coupling reactions
(dimethyl ether).
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Gercher et al.112 studied the TPD of methanol adsorbed at 170K on stoichiometric
and reduced SnO2(110). They found that the methanol TPD trace from the
stoichiometric surface showed a high methanol peak at 310K, a low-temperature
feature at 215K, and a shoulder at 450K. Formaldehyde was also observed at 450K.
The methanol feature at 215K was assumed to be due to molecularly adsorbed
methanol, while that near 450K was associated with the recombination of
methoxide and hydrogen from the dissociation of methanol. The peak at 310K was
assigned to a combination of molecular and dissociative desorption, consistent with
similar observations on other oxides. They calculated an activation energy of 28.5
kcal/mol for the methoxide decomposition. The reduced surface, which was
prepared by annealing the oxidized surface in vacuum, showed methanol peaks near
310K and 420K. Formaldehyde desorption was seen at 450K. The notable
difference between the oxidized and reduced surface reactivity was that the
methanol peaks for the reduced surface were reduced in intensity while the
formaldehyde peak showed an increase, indicating a higher conversion to the
oxidation products on the reduced surface. They also found an O2 desorption trace
around 500K from a clean, stoichiometric surface indicative of the removal of the
surface oxygen anions. An activation energy of 34.2 kcal/mol was calculated for the
methoxide decomposition for the reduced surface. The methanol was thus seen to
be primarily adsorbed molecularly on the stoichiometric surface and dissociatively
on the reduced surface.
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The single crystal work is qualitatively similar to work on SnO2 thin films and
powders. Kawabe et al.120 found that room temperature adsorption of methanol on
an oxidized SnO2 thin film showed molecularly adsorbed methanol while that on
an Argon sputtered (reduced) film showed the decomposition of methanol to the
methyl and hydroxyl groups, using XPS. Ouyang et al.113 studied methanol
adsorption on oxidized SnO2 powder at room temperature using FTIR (Fourier
Transform Infrared Spectroscopy) and found molecularly adsorbed methanol,
methoxide, and OH species at 310K, while adsorbed formaldehyde was observed at
373K.
On other oxides, Ma et al.94 studied the reactions of methanol on oxidized and
reduced WO3 (001) surfaces. They found that methanol (adsorption temperature
140K) was the only desorption product from both the surfaces with coverage
dependent peaks from 200-400K. Their UPS (Ultra-violet Photoelectron
Spectroscopy) measurements showed that methanol was molecularly adsorbed on
the oxidized surface and dissociatively adsorbed on the reduced surface. The
desorption peak temperature decreased with increasing coverage.
5.1.2

Ethanol

The reactions of ethanol have been studied by Idriss et al.121 on TiO2 anatase
powders using a fixed-bed microreactor in the presence of oxygen. The main
product was acetaldehyde accompanied by acetone and ethyl acetate as secondary
products at temperatures up to 473K.121 Hussein et al.122 studied the reactions of
ethanol over hydroxylated TiO2 anatase and dehydroxylated TiO2 rutile using
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infrared spectroscopy. The hydroxylated oxide showed diethyl ether as a major
product at 573K, while only ethane, ethene, and carbon dioxide were seen at 623K.
The dehydroxylated rutile showed that ethanol decomposition had started from
523K (also observed for the anatase), with ethene, acetaldehyde, and carbon
dioxide as major products after 573K, with a smaller amount of ethane and
dimethyl ether around 673K. Lusvardi et al.115 studied ethanol chemisorption at
room temperature on oxidized TiO2 rutile and anatase powders using a highvacuum microbalance and found water and ethanol peaks in the range of 350-450K,
and ethylene, ethane, acetaldehyde, and diethyl ether as the primary products in the
600-650K range. Kim and Barteau110 found that room temperature adsorption of
ethanol on oxidized TiO2 anatase powder in a flow reactor gave ethanol peaks at
350K and 390K. Their high-vacuum microbalance system showed only the 390K
ethanol peak. The 390K ethanol peaks in both systems were accompanied by water
desorption at the same temperature. The higher temperature peaks arose from
acetaldehyde, ethylene, diethyl ether, and water in the range 590-615K.

The

ethanol/TiO2 system, like methanol, offers a rich variety of reaction products,
controlled ultimately by the branching ratio between ethanol molecular desorption
and decomposition pathways.
Vohs et al.116 studied the adsorption of ethanol at 180K on the Ar+ sputtered ZnO
(0001) crystal surface. The desorption products included ethanol, acetaldehyde and
ethene at 480K, and carbon dioxide and carbon monoxide at 590K. Carbon
monoxide was also seen at 740K, and a broad water peak was observed around
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350K. Ma et al.117 studied ethanol adsorption at 140K, and found that both the
reduced and oxidized WO3(001) thin films showed ethanol peaks in the 200-300K
range, and ethylene peaks near 650K. Water peaks were observed near 300K. They
attributed the rate-limiting step in the ethanol dehydration to alkene to be C-O bond
scission.

5.1.3

Propanol and butanol

Studies on 1-propanol have shown similarities with those on ethanol. Kim and
Barteau’s study110 on oxidized TiO2 anatase powder showed water and 1-propanol
peaks at 390K, followed by propene, di-n-propyl ether, propionaldehyde, and water
near 620K. TPD of 2-propanol showed that the parent alcohol and water desorb at
390K, while the high temperature products included propene and water with 2propanol and acetone as minor products, around 550K. No ether species were
observed in this case.

On other oxides, Tanner et al.118 studied the room temperature adsorption of 1propanol, 2-propanol, and tert-butyl alcohol on an oxidized WO3(001) single
crystal. All the three alcohols showed the desorption of the parent alcohol at
430K.1-propanol showed water desorption peaks at 430K and 750K. Propene peaks
were observed at 400K and 710K. 2-propanol showed a propene peak at 650K and
small water peaks at 400K and 660K. The tert-butyl alcohol showed a big water
peak and an iso-butylene peak at 500K.

Ma et al.117 found that 2-propanol,
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adsorbed at 140K on WO3 (001) thin films, produced the parent alcohol and water
in the range 300-400K for both the reduced and oxidized surfaces, while the high
temperature product was propene near 500K. Vohs et al.116 studied the adsorption
of 1-propanol on the reduced Zn (0001) surface. The adsorption temperatures were
180K and 300K. The 180K adsorption led to hydrogen and propionaldehyde TPD
peaks at 490K, carbon dioxide peaks at 600 and 800K, and a carbon monoxide peak
at 800K. The 300K adsorption produced the same propionaldehyde peak at 445K,
carbon dioxide peaks at 600 and 800K, and a carbon monoxide peak at 800K. In
contrast, they found that the ZnO(000 1 ) did not react to either ethanol or 1propanol, and the parent alcohols desorbed at temperatures slightly higher than the
desorption temperatures. Bowker et al.119 studied the adsorption of 1-butanol and 2butanol on reduced polycrystalline ZnO at 310K. The molecular 1-butanol desorbed
in the range 300-500K, while butane, butyraldehyde and hydrogen desorbed near
550K. 2-butanol showed molecular desorption of the parent alcohol at 420K, while
2-butanone, butane, and hydrogen desorbed near 500K.

The common conclusion from the above sections points to the molecular desorption
of the alcohols primarily in a low temperature range (300K-500K) while at higher
temperatures (600K-800K) the dehydrogenation or dehydration products of the
alkoxides are observed.94,110-119,121
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5.2

Methodology

The growth of the TiO2 and SnO2 films are described by Meier et al.86 The TiO2
film was deposited at NIST using a Titanium (IV) tetraisopropoxide precursor and
the SnO2 film was deposited using anhydrous tin (IV) nitrate as a single source
precursor. Films of both oxides were grown on individual sensor element surfaces
by heating the microhotplates to 375°C while simultaneously monitoring film
resistance. Growth times were typically from 3 to 5 minutes for SnO2 and TiO2
films, depending upon the growth rate (monitored as a function of film resistance),
until SnO2 films measuring on the order of 30 kΩ and TiO2 films on the order of
10MΩ were formed.
The adsorption and desorption of 2-Propanol was studied on microhotplate
sensors with reduced and oxidized TiO2 films. The oxidation and reduction
procedure described in section 4.5.3 was used to prepare the films prior to dosing.
The following figure shows the film response to a 2 torr oxygen dose at 648K.
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Figure 5.1 Dependence of the film resistance of a SnO2 sensor on temperature and
oxygen partial pressure during the film preparation cycle.

The magnitude of the increase in the film resistance in the film preparation process
can be seen in the difference between the initial and final resistance. The initial
data points represent the room temperature resistance of the reduced film and the
data points at the end of the curve represent the room temperature resistance of the
oxidized film. The film resistance drops when the heating starts, which is the
normal behavior for a semiconductor since more electrons are promoted into the
conduction band due to their increased thermal energy. When the oxygen is
introduced, it adsorbs on the film as O2, O2- and O-, and extracts surface electrons
causing the film resistance to increase. Diffusion of oxygen into the lattice occurs
on a longer time scale, which is necessary to produce an irreversible change in the
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film resistance. On turning the heater off, the resistance increases further as the
population of electrons in the conduction band drops. As the temperature decreases,
diffusion is no longer facile and the resistance stays at a high value after the oxygen
is pumped out of the chamber (not shown) since the film is oxidized at this stage.
However, over time in UHV, the oxygen slowly desorbs, and the film resistance
gradually decreases. The film of the reduced sensor element was cleaned and
reduced by heating in UHV at 640K for 15 minutes.
The setup used for collecting the data shown in the previous figure included an
oxygen tank (grade 5, BOC gases) connected to the main chamber by a leak valve.
A convection gauge (model PG-105, Stanford Research Systems) was used to
monitor the chamber pressure during the oxidation process. The film resistance was
monitored by measuring the voltage across a reference resistor in series with the
film, by the DAS-1002 (Data Acquisition Card, Measurement Computing Inc.). A
bias of 1.5V was applied across the resistor combination using a battery. This setup
allowed reliable measurement of the resistance at time resolutions as small as 100
µs.
The 2-propanol (99.99%, Fischer Scientific) source was purified in a glass bulb
attached to the UHV leak valve using freeze-pump-thaw cycles for 45 minutes to
remove dissolved gases. The sequence of desorption experiments was as follows.
The manipulator probe was cooled to 220K with liquid nitrogen. A dosing pressure
of 2.67×10-6 Pa was established in the UHV chamber to provide a constant reactant
flux on the sensor surface during the experiments. The computer initiated a heating
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pulse to 640 K with a duration of 100 ms, then allowed the sensor element to cool
again while adsorption occurred for the specified “dosing time.” Dosing times of
12 s, 20 s, and 60 s were used. The desorption signal and conductivity were
recorded during desorption pulses. Signal averaging was necessary to improve the
signal-to-noise ratio, and each mass of interest was monitored for a series of
between 23 and 48 pulses, depending on the intensity of the desorption pulse, while
maintaining the same conditions of reactant flux and probe temperature. The
procedure for the signal averaging experiments ensured that the sensor was
exposed to 2-propanol for identical time periods. Surface temperatures in excess of
640 K were used for the desorption pulses. As a result, each pulse also performed
as a clearing pulse for the subsequent pulse. To improve the data collection
efficiency, two sensor devices were prepared and after the chip was cooled, a
sequence of exposure/desorption pulses was performed, alternating between the
two devices and selecting different mass fragments for each set of experiments.
The primary reaction product monitored was propene, which has the largest
fragment at 41 amu. 2-propanol has a major fragment at 45 amu, and a small
fragment at 41 amu. Therefore mass 41 and mass 45 were monitored for the
experiments on TiO2. In the following discussions, please note that 45 amu
represents 2-propanol, while 41 amu includes contributions from 2-propanol and
propene. Production of the dehydrogenation product, acetone, was followed by the
58 amu fragment. In subsequent experiments on SnO2, we also monitored the
desorption of water, as represented by 18 amu.
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5.3
5.3.1

Results and discussion
Methanol and butanol studies

Methanol and butanol were studied in preliminary isothermal TPD experiments.
Initial measurements on TiO2 microhotplate sensors did not reveal measurable
desorption signals for methanol, although indications from the literature suggested
that molecular desorption should occur around 300K and production of
formaldehyde should be observed by 450 K. These temperatures are easily within
the temperature range of the sensor heater. The implication was that methanol was
not sticking to the surface of the microhotplate.

Although the thermocouple that

was spot welded to the leg of the chip indicated that the temperature (215K) was
sufficiently cold to adsorb methanol,112 we cannot directly measure the
microhotplate temperature with sufficient accuracy to confirm this hypothesis. The
silicon heater resistance is calibrated for temperature measurement and is reliable at
higher temperatures, but is not very sensitive at these low temperatures. In any
case, to our knowledge, good measurements of the coverage dependent sticking
coefficient for methanol on SnO2 as a function of temperature in this regime are not
available. The magnitude of exposures frequently used in oxide chemisorption
experiments suggests that the sticking coefficient could be as low as 10-3 or 10-4.
Another possibility was that the surface was simply poisoned by surface
contamination, but exposure of the hotplate to methanol at ambient pressure
conditions prior to the experiments indicated that the surface was active for 2propanol adsorption.
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For butanol on the SnO2 sensor, again no desorption signal was detected. In this
case, the adsorption temperature should not be a limitation, based upon the
literature.119 However, the opposite problem appeared to be the case – desorption
temperatures higher than the safe operating range of the microhotplate were
probably required.
After a re-examination of the literature for polycrystalline TiO2 films and powders
(see section 5.1), we concluded that of the aliphatic alcohols, methanol, ethanol, 1propanol, 2-propanol, 1-butanol, and 2-butanol, the most suitable alcohol was 2propanol. In several studies, the adsorption temperature was not reported, so it was
necessary to compare trends on several oxide systems to predict the best choice for
the experiments reported here.

5.3.2 Surface uptake measurements

The desorption of 2-propanol was studied as a function of adsorption time on two
different microhotplate sensors, an oxidized TiO2 sensor device designated D2 and
a reduced TiO2 sensor device designated D4. Table 5.2 summarizes the sequence in
which the device and mass fragment (45 for propanol, 41 for both propanol and
propene, and 58 for acetone) were chosen. In Figure 5.2, the data is grouped into
sets so that the effect of dosing time on the integrated areas can be seen more
clearly. Each data point in Fig 5.2 represents a signal averaged integrated area. The
number of pulses in each experiment is indicated in Table 5.2. The first pulse, not
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included in the average, was considered to be a “clearing” pulse that prepares the
surface in a clean state prior to the adsorption time.

Table 5.2. Summary of average desorption peak areas on oxidized (D2) and

reduced (D4) microhotplate sensor elements as a function of exposure time
at 2 × 10-8 torr.
Set

Device Mass Adsorption Time/(s) Integrated Area /(Cts)

# pulses

1

D2

41

12

174

39

D2

41

20

485

33

D2

41

60

636

28

D4

41

12

483

38

D4

41

20

445

33

D4

41

60

478

28

D4

45

12

2182

38

D4

45

60

2530

23

D2

45

12

3919

23

D2

45

60

3310

38

D2

58

12

43

28

D2

58

20

117

28

6

D4

58

20

73

28

7

D2

58

60

132

48

2

3

4

5
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Figure 5.2 Effect of dosing time on average integrated desorption peak area for
oxidized (device D2) and reduced (device D4) TiO2 for the indicated mass
fragments selected to monitor propene, propanol, and acetone desorption.
Experiments were performed in the order indicated by the Set index.

As Figure 5.2 and the peak areas in Table 5.2 show, in the first set, the average
desorption peak area for 41 amu on the oxidized surface increases much more
between the 12 and 20 second dosing times than is observed when monitoring the
45 amu fragment (Set 4) on the oxidized surface, or for the 41 amu fragment on the
reduced surface (Set 2). Apart from this initial increase in the 41 amu signal, the
signals for all of the mass fragments are relatively constant and similar to the ratios
expected from the fragmentation ratios in the propanol background spectra recorded
while dosing the surface between desorption pulses. Therefore, the smaller 41
signal in the 12 second exposure is not consistent with production of propene,
although reaction of propanol to other products not containing the 41 amu fragment,
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such as acetone, CO, or CO2, cannot be excluded. This suggests that for the
oxidized device D2, during the initial sequence of 40 heating pulses associated with
the 12 second exposures, the surface may have changed, increasing the amount of
propanol that could be adsorbed, but that a steady state condition existed thereafter.
More specifically, the initial rise in the 41 amu signal could be associated with
formation of defects due to loss of lattice oxygen during the first set of desorption
pulses.
Although an estimate of the propanol exposure (60 seconds at 2.67x10-6 Pa = 1.2
L) is consistent with saturation if the sticking coefficient is unity, the amount of
propanol (from mass 45) that desorbed based on our calibration was extremely
small, approximately 0.001 ML. The traditional interpretation is that only a small
fraction of “defect” sites are sufficiently reactive to bind propanol at the
adsorption temperature achieved. The peak areas are not substantially larger on
the reduced surface (D4) than the initially oxidized device (D2). The 58 amu
signal is larger than would be expected for the fragmentation pattern of propanol;
however, because the mass spectrometer resolution was degraded to improve
sensitivity, intensity from mass 59 contributes to the 58 amu signal and the
relative intensities of 58/45 are comparable to that expected from spectra
measured during background dosing. In summary, the uptake experiments
indicate that a reproducible coverage is achieved within 60 seconds on the TiO2
sensor surface, although there may be an initial increase in the uptake of propanol
due to the first set of heating pulses.
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5.3.3 Measurements of conversion

Having established a procedure to prepare the oxidized and reduced surfaces and
determined the exposure necessary to reach saturation of available sites, we now
present results designed to quantify the conversion of 2-propanol on TiO2 and
SnO2 sensor devices using isothermal desorption. The experimental methods used
for data collection were different on the two sensors, but the analysis approach was
similar for both data sets.
Dehydration reactions produce propene, while acetone is produced via
dehydrogenation.110

To quantify the conversion of propanol to propene, a

significant challenge, as noted already, is that the major fragments of propene are
present in the propanol mass spectrum and so it is necessary to show that more
intensity is found in the 41 amu peak than would be expected based upon the
amount of unreacted propanol that desorbs, as measured by the 45 amu peak area.
However, there is a possibility that with successive desorption pulses, surface
modification processes, such as poisoning by carbon build-up or loss of oxygen
from the oxide film surface, could occur, affecting the amount of propanol that
adsorbs (increasing or decreasing it) as well as changing the branching ratio
between propanol and propene. In addition to propene, other products including
acetone and water have been observed in the literature, but because propene is
usually the major product, we focused initial efforts on detection of propene. We
begin with further analysis of the 60 second exposure pulse desorption sequence
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data from Table 5.3 of Section 5.3.2. Then we report additional measurements for
a SnO2 sensor device in which the data acquisition and control sequence was
modified to interlace different mass fragments in sequential dosing/desorption
pulses.

5.3.3.1 Results of 2-propanol on TiO2

The signal averaged desorption curves for all of the 60 s dosing time for isothermal
desorption measurements at a surface temperature of 640 K are shown in Figures
5.3 and 5.4 for the oxidized and reduced TiO2 surfaces, respectively. In order to
study the variation of the desorption signal during the signal-averaging
experiments, the signal data were averaged in sets of four pulses. Figure 5.5 shows
the variation of the integrated areas of masses 41, 45, and 58 on the oxidized TiO2
surface as the experiment proceeds, with the error bars representing the standard
deviation for each data set (average of 4 runs). Similar data are presented for the
reduced TiO2 surface in Fig. 5.6 with a dosing time of 60 seconds between 640 K
heating pulses.
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Figure 5.3 Signal averaged desorption signals at 640 K for a 60 s dose of 2propanol on oxidized TiO2 for the indicated mass fragments.
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Figure 5.4 Signal averaged desorption signals at 640 K for a 60 s dose of 2propanol on reduced TiO2 for the indicated mass fragments.
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Figure 5.5 Integrated signal areas for desorption of the indicated mass fragments
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Figure 5.6 Integrated signal areas for desorption of the indicated mass fragments
following a 60 s exposure of the reduced TiO2 surface to 2-propanol.
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The integrated area for acetone (58 amu) is consistently small throughout the
experiment.

The integrated areas for 45 amu on oxidized TiO2 are larger than

those for 41 amu in both cases, so to determine whether propene is produced, we
must quantify the conversion in terms of the 41 and 45 amu signal areas.
To explore the possibility of reaction of 2-propanol to propene, we will define the
fractional conversion of 2-propanol to propene. The 2-propanol was assumed to
undergo dehydration to form propene and water. No other reactions were
considered. Because the 41 amu fragment contains contributions from both propene
and propanol, and the mass fragment-specific ionization cross section is different
for the two molecules, we define the number of moles of 2-propanol , npropene, as

n propene = (A 41 − f ⋅ A 45 ) ⋅ a propene ⋅

σ Pr OH
,
σ propene

(5.1)

where f is the ratio of the mass 41 to mass 45 fragmentation ratio in pure 2propanol. The areas under the baseline subtracted desorption curves for mass 41
and mass 45 are denoted by A41 and A45 respectively, while the factor for
converting the integrated area of mass 41 to number of moles of propene is given
by the sensitivity factor, apropene. The corresponding factor for 2-propanol is given
by a Pr OH . The mass fragment-specific ionization cross sections for propene and 2propanol, σ propene and σ Pr OH , respectively, were calculated as the fraction of the
intensity of the ion of interest in the fragmentation pattern, multiplied by the total
ionization probability. For 2-propanol, the ionization probability is 4.3 (relative to
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N2) and the 45 amu fragment comprises 56.9 % of the fragmentation pattern,123
giving σ Pr OH =2.45. For propene, the total ionization probability is 3.3, and the 41
amu mass fragment contributes only 26.3% to the fragmentation pattern of propene,
so σ propene =0.868. Also, in order to simplify the analysis, apropene is assumed to be
equal to a Pr OH . The fractional conversion of 2-propanol represented by χ is
σ Pr OH
σ propene
.
σ Pr OH
+ (A 41 − f ⋅ A 45 ) ⋅
σ propene

(A 41 − f ⋅ A 45 ) ⋅
χ=
A 45

(5.2)

The numerator is proportional to the moles of 2-propanol converted to propene. The
first term in the denominator, A45 is proportional to the moles of unreacted 2propanol, while the second term is a measure of the moles of the 2-propanol
converted to propene. The value used for the relative mass spectrometer sensitivity
ratio

σ Pr OH

σ propene

was 2.822. The fragmentation ratio for mass 41 to mass 45 in

pure propanol was obtained from the average ratio of mass spectra measured in the
background between desorption pulses, which varied from experiment to
experiment. Because there is no relationship between the 41 amu pulse in, say, the
1st group of four pulses in Set 1 and the 1st group of four pulses for the 45 amu
fragment in Set 4, we used the average and standard deviation of the areas of all of
the 45 amu pulses in Set 4 for the value of A45. Figure 5.11 shows the variation of
the conversion χ during the experiment. The error bars represent the standard
deviation propagated from the integrated areas for masses 41 and 45. The
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conversion on the reduced TiO2 device D4 fluctuates in an apparently random way,
and the uncertainties preclude us from suggesting that propene is produced.
Although there appears to be an increasing trend in the conversion to propene on
the oxidized TiO2 sensor device, D2, to about 25%, within the limitations of the
signal to noise, we cannot unambiguously show that propene was produced. The
relatively low cross section for propene, 2.88 times smaller than that of propanol,
contributes to the difficulty of the measurement. In addition, the question of
whether or not the surface is changing between the time that the 41 and 45 amu
pulse sequences were measured adds further uncertainty to the analysis. However,
the conversion calculated by averaging all data sets (22 total) gave a value of 0.307
for the TiO2 surface with a standard deviation of 0.253.

5.3.3.2 Results of 2-propanol on SnO2

The desorption of 2-propanol was also studied on a microhotplate sensor with a
SnO2 film. However, in contrast to the work on TiO2, the data acquisition program
was modified to interlace different masses during sequential pulses in an
experiment of the same adsorption time. For the sake of this discussion an
experiment will be considered as a series of dosing and isothermal TPD pulses. The
integrated areas for mass 45 were compared for dosing intervals of 12s, 60s, 120s ,
and 180s. The signal was observed to saturate at 120 s, so results from both 120 s
and 180 s exposure times were compared with each other. The mass fragments
monitored with the mass spectrometer were 18, 41, 45, and 58, which provide
information about the amounts of 2-propanol (41 and 45), propene (41), water (18)
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and acetone (58). As for the TiO2 surface, the 45 amu signal of 2-propanol showed
the highest intensity of any mass fragments in the desorption signals.
The desorption curves for a 700 K surface temperature, with a dosing time of 180 s
and 120 s for the oxidized and reduced surfaces, respectively, are shown in Figures
5.7 and 5.8.
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Figure 5.7 Signal averaged desorption pulses for the 18, 41, 45 and 58 amu
fragments interlaced sequentially during saturation (180 s) exposures and 700 K
desorption pulses on an oxidized SnO2 microhotplate sensor device.
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Figure 5.8 Signal averaged desorption pulses for the 18, 41, 45 and 58 amu
fragments interlaced sequentially during saturation (120 s) exposures and 700 K
desorption pulses on a reduced SnO2 microhotplate sensor device.

For both the oxidized and reduced SnO2 sensor devices, the desorption signal for
mass 45 is higher than that for the other masses. On the reduced, as well as the
oxidized surface, the desorption signal is less than 100 counts/ms in intensity, and
the amount adsorbed is smaller on the reduced surface than on the oxidized surface.
The relative intensity on the oxidized and reduced surfaces is similar to our
observations on the TiO2 surfaces.
The variation of the pulse areas during groups of four desorption pulses was
analyzed in a manner similar to that described above for the TiO2 surface, except
that in calculating conversions, the values of A41 and A45 were obtained from
interlaced sets of pulses. The integrated peak areas for groups of four pulses are
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presented in Figures 5.9 and 5.10. The areas for 45 amu are the largest, followed by
those for 41 amu. The desorption signal for 18 amu is also significant, but that for
58 amu, representing acetone, is negligible.
In contrast to the TiO2 measurements, the signal for 18 amu was monitored along
with 41 amu, 45 amu, and 58 amu. The fragmentation patterns for 2-propanol,
propene, and acetone do not show a significant peak for 18 amu. An 18 amu
desorption signal would therefore suggest a combustion product, however we
would have to exclude background adsorption of water.
The conversion on the reduced SnO2 surface shows no trend and the values are not
significant in comparison to the standard deviations calculated from error
propagation. On the oxidized surface, there are a number of groups of pulses that
have relatively large conversions; however the large magnitude of the uncertainties
again makes it difficult to conclude definitively that propene was produced.
However, an average of all of the pulses for SnO2 gave a conversion of 54% with a
standard deviation of 33%. The lower adsorbed amounts as well as the relatively
low sensitivity of propene, compared to propanol, contribute to the difficulty of
quantifying the conversion.
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Figure 5.9 Integrated signal areas for desorption of the indicated mass fragments
following a 120 s exposure of the reduced SnO2 to 2-propanol.
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Figure 5.10 Integrated signal areas for desorption of the indicated mass fragments
following a 180 s exposure of the oxidized SnO2 to 2-propanol.
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Figure 5.11 Variation of fractional conversion of 2-propanol on the SnO2 sensor.

Figure 5.12 Variation of fractional conversion of 2-propanol on the TiO2 sensor.
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5.3.4

Isothermal TPD results

5.3.4.1 Experimental data and simple first order analysis

The activation energy for desorption and the prefactor for propanol desorption
from the oxidized TiO2 sensor were determined using the technique outlined in
section 4.6. Desorption curves at temperatures ranging from 375K to 643K, shown
in Fig. 5.13, were used to estimate the Arrhenius parameters for 2-propanol. A
640K clearing pulse was used prior to each measurement.
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Figure 5.13 Isothermal desorption spectra at the indicated desorption temperatures
for oxidized TiO2 following saturation (12 s) doses.

118

It is evident from Fig. 5.13 that the area under the curve increases with temperature,
which would imply that the analysis of section 4.6 is not valid, to the extent that the
kinetic parameters are coverage dependent.
Nevertheless, for comparison to our previous work, the first-order model was used
to fit the data in Fig 5.13 to determine the pumping and desorption time constants.
The model is compared to the data in Fig. 5.14. The consistency of the 2 ms time
constant suggests that it be assigned to the pumping time constant while the longer,
desorption temperature dependent time constant would correspond to the desorption
time constant for 2-propanol.
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Figure 5.14 First-order model fits for Arrhenius parameters

The Arrhenius plot obtained by using the fits of Fig. 5.14 is shown in Fig 5.15. The
values for activation energy of desorption and the prefactor were 9 kJ/mol and
251/s, respectively. The first order desorption time constants ranged from 21 ms to
82 ms. The error bars for each data point represent 95% confidence intervals.
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Figure 5.15 Arrhenius plot of desorption time constant vs. reciprocal surface
temperature
The value obtained for the activation energy is too small to be consistent with
desorption at temperatures over 300K and the pre-exponential factor is orders of
magnitude lower than would be expected for a first order process of 1013±4 s-1.
Therefore, further analysis of the data is required.

5.3.4.2 An approximate analysis of a coverage-dependent energy
distribution

The integrated areas under the desorption curves for each data point in the
Arrhenius plot are shown in Fig. 5.16. The areas increase in magnitude with
temperature.
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Figure 5.16 Effect of temperature on integrated signal

Another approach to estimate the activation energy is to use Eq. (4.20),
k n = νe

-E des
RT

,

(4.20)

assuming a value of 1013 s-1 for the prefactor, and the fitted value of the rate
constant at each temperature. If there is a distribution of activation energies during
the desorption process, then the rate constant is an average over the fraction of
molecules that desorb and the desorption energy corresponds to an average value.
The values of Ea determined using this method range from about 80-143 kJ/mol
from the first order fits. The second order model was also used to fit the data. The
goodness of fit for second order was comparable to that for first order. The values
of activation energy and prefactor from the second order fits were 8 kJ/mol and 165
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s-1. The prefactor was converted to first order units by multiplying with the number
of molecules obtained from the fits (108). Using the definition of the rate constant in
Eq. (4.20), and an assumed prefactor of 105 molecules-1 s-1 (corresponding to a first
order equivalent prefactor of 1013 s-1), the estimated activation energy ranges from
90-147 kJ/mol from the second order fits. The activation energy increases
monotonically with temperature for the first order and second order cases. It also
increases with integrated area as shown in Fig. 5.17.
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Figure 5.17 Dependence of activation energy on coverage

This suggests the desorption of weakly bound alcohol from the surface at lower
temperatures, and that of strongly bound species at higher temperatures. The change
in activation energy implies a coverage dependence; this observation motivated the
use of a Monte Carlo analysis which is presented next.
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5.3.4.3

Monte-Carlo analysis of the coverage dependent desorption energy

distribution

Monte Carlo methods fall into a category of non-deterministic algorithms and are
used for simulating a wide range of physical systems. The kinetics of surface rate
processes in heterogeneous catalysis are frequently modeled by numerical methods
using the Monte Carlo approach.124 Ma et al. used Monte Carlo simulations to
model the distribution of activation energies for methanol on WO3. Their
experiments involved linear ramped TPD over much longer time scales than our
experiments. They included a mechanism for surface diffusion, however, for this
model, surface diffusion was assumed to not play a significant role.
An important factor in the analysis is that the absolute coverage is known from
calibration of the thermal desorption system and is, in fact, very small for these
desorption spectra (<10-3). If diffusion was competitive with desorption on the time
scale of the microhotplate heating time of about 1 ms, or if diffusion was significant
at the dosing temperatures of 218 K within the 12 s dosing time, then we would
expect all molecules to migrate to the most strongly bound sites. The approximate
analysis presented in Figure 5.20 indicated that the average desorption energy
increased with the fraction of molecules desorbing.
A Monte Carlo analysis based on the methods described by Ma et al.94 was done
assuming that diffusion was negligible and that the temperature was instantaneously
heated to the experimental desorption temperatures. The adsorption energies for a
lattice of 32 x 32 adsorption sites was chosen from a specified energy distribution.
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Then the lattice was populated with molecules to a specified fractional coverage ;
however, because no intermolecular interactions or diffusion was included in the
simulation, the lattice was initiated with a coverage of 1. In each time step, if there
were m molecules on the surface, then m molecules were randomly selected for
desorption. The probability of desorption of a molecule in site i at temperature, Ts,
in a time step, ∆t, is given by

Pdes i = ν ⋅ e

−

E di
R ⋅ Ts

⋅ ∆t ,

(5.3)

where the preexponential factor, ν = 1013 s −1 was used. A time step of 1 ms, equal to

the binning of the experimental pulse desorption data, was convenient; reducing the
time step as small as 100 µsec did not affect the results. After m molecules were

()

tested, the time step was incremented, the coverage, θ t j , was updated, the
average desorption energy in the time step and the average desorption rate for the
time step were computed. The simulation was carried out for 256 ms, or until the
coverage dropped to zero. The fractional coverage of molecules that desorbed
within 200 ms at each desorption temperature was then calculated from the
coverage remaining at each isothermal desorption temperature and plotted relative
to the amount desorbed at the highest desorption temperature for comparison to the
experimental data of shown in figure 5. 18. Thus, the criteria were the energy
distribution need ed to fit both the fractional amount that desorbed at each
temperature and that the desorption rate constants should reproduce the time
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dependent mass 45 signals, after convoluting the desorption rate data with a
pumping time constant of 20 ms.
In initial work, a Gaussian distribution of site energies was used, but the criteria
were not satisfied very well. Therefore, a Weibull distribution, given by
s

P( x ) = s ⋅ x s −1 ⋅ e ( − x ) ,

(5.4)

where the single parameter, s, controls the shape of the asymmetric
distribution.Optimization of the distribution function reproduced the experimental
data well. The average activation energy of 102 kJ/mol, standard deviation, and
skew are shown along with the distribution in Fig.5.18

Probability Density (A.U.)

.
Average Ea = 102 kJ/mol
Standard Deviation = 15.7 kJ/mol
Skew = 0.444

50

100

150

200

Activation Energy (kJ/mol)

Figure 5.18 Weibull distribution for Monte Carlo analysis on TiO2
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The comparison of the data and the Monte Carlo simulation is shown in Fig. 5.19

Fraction of 2-Propanol Desorbed in 200 ms

for desorption occurring during the first 200 ms of the isothermal heating pulse.
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0
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Isothermal Desorption Temperature

Figure 5.19 Comparison of Monte Carlo coverage dependence with experiment

The desorption rates were calculated and convoluted with the pumping effect.
Figure 5.20 shows the comparison of the fits with the experiment data. Identical
scaling factors were used for fitting the desorption curves from data with the
modeled Monte Carlo desorption curves, indicating that the integrated areas and the
mass spectrometer sensitivity were consistent.
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The model fits the data very well suggesting that a distribution of energies similar
to that in Fig. 5.18 exists on the heterogeneous TiO2 surface.
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Figure 5.20 Comparison of Monte Carlo fits with experiment data

In the distribution assumed, about 20% of the molecules desorbed at the lowest
temperature. This required the use of an asymmetric energy distribution and a
pumping time for convolution that was an order of magnitude larger than the 2 ms
value presumed from the simple, coverage independent desorption analysis. The
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simulated desorption rate spectra for higher temperatures must produce an initial
narrow desorption spike if there are enough lower binding energy molecules to
produce the slow desorption decay at 475 K. Therefore, we could only conclude
that the decay in the highest desorption spectra was limited by the pumping time
constant. The 20 ms value reproduces the experimental data well and seems
reasonable by comparison to the 6 ms time constant predicted for the system for a
non-sticky molecule. 88

5.3.4.4 Simultaneous desorption and conductance measurement

The resistance of the sensing film was also measured during the desorption pulse.
Figure 5.21 shows the resistance of the film during desorption subtracted from the
baseline. The film resistance during a heating pulse with no dosing was taken as the
baseline. The signal-averaged desorption signal is also shown in Fig. 5.21.
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The baseline subtracted film resistance shows a broad valley on a time scale that is
longer than the desorption. The film resistance feature was observed when the film
was freshly oxidized, and it gradually disappeared as the film was reduced due to
the multiple heating pulses.

Figure 5.21 Baseline subtracted film resistance of oxidized TiO2 film

The reduced film did not show similar features during desorption.

5.4

Discussion

The decrease in the magnitude of the integrated desorption signal with dosing time
for 45 amu and the increase in the magnitude of the areas for 41amu suggests
possible decomposition of 2-propanol to isopropoxide. At room temperature 2propanol adsorbs associatively as well as in the isopropoxide form.110 The
adsorption temperature of approximately 220 K may not be low enough to hinder
130

dissociation, and the longer the time between heating pulses, the more is the amount
of 2-propanol converted to isopropoxide. The isopropoxide may then be converted
by a dehydration reaction to propene during the heating pulse.
The fractional conversion of 2-propanol calculated by averaging the data sets
indicates the possibility of propene formation on the oxidized SnO2 and TiO2
surfaces. The desorption of water observed on oxidized SnO2 may be either due to
the dehydration of the alcohol or background adsorption. Negligible acetone
desorption is seen on the oxidized SnO2. On the other hand, the reduced SnO2
shows no evidence for propene or acetone formation. The reduced TiO2 film also
shows no evidence to suggest dissociation of 2-propanol.
First and second order model fits were used to determine the activation energy and
the prefactor for desorption of 2-propanol. The highest working temperature for the
microhotplate is about 720 K, and that limits the desorption time constant that can
be measured. The activation energy and prefactors determined from the Arrhenius
analysis indicate the presence of both weakly-bound and strongly-bound species on
the oxidized TiO2 surface. The weakly bound 2-propanol has an activation energy
of approximately 80 kJ/mol, while that for the strongly bound species is around 140
kJ/mol. The energy distributions assumed for the Monte Carlo analysis (70 to >160
kJ/mol) correlates with the variation of coverage observed with desorption
temperature for the experiments. The heterogeneity of the surface is also confirmed
by the goodness of fit for the experiment data with the Monte Carlo pumpingconvoluted desorption curves. The small magnitude of the observed signal could be
due to a small number of active sites on the film surfaces, or contamination due to
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residual carbon as a reaction by-product. The number of active sites measured on
TiO2 and SnO2 catalysts by Kulkarni et al.125 were 3.1 µmol/m2 and 2.1 µmol/m2
respectively, which corresponds to 109 active sites on a microhotplate. The
coverage estimated from first order model fits to 45 amu desorption data provided
an estimate of 108 molecules.

Table 5.3 shows a summary of the observed

desorption results for 2-propanol on SnO2 and TiO2. The reaction products, and the
source of the observed signal are indicated for the oxidized and reduced surfaces.

Table 5.3 Summary of reaction products of 2-propanol
SnO2
m/z

TiO2

Reduced

Oxidized

Reduced

Oxidized

surface,

surface,

surface,

surface,

Source

Source

Source

Source

45

Observed

Observed

Observed

Observed

41

Observed,

Observed,

Observed,

Observed,

parent

reaction

parent

reaction

Observed,

Observed,

No data

No data

reaction or

reaction or

background

background

Observed,

Observed,

No data

Observed,

parent

reaction

18

58

reaction
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Table 5.4 lists values for the integrated signal for masses 18,41,45, and 58. The
integrated areas are consistently larger on TiO2 and the ratios of areas for 41 amu
and 45 amu are nearly identical.

Table 5.4 Integrated signal areas for 2-propanol

m/z

Integrated signal area

Integrated signal area

(counts/s), SnO2

(counts/s), TiO2

Reduced

Oxidized

Reduced

Oxidized

surface

surface

surface

surface

45

1347

1850

2476

3812

41

344

524

388

628

18

714

464

No data

No data

58

73

0

No data

180

Ratio of Areas

0.25

0.61

0.15

0.16

(41/45)

The almost identical ratios on TiO2 are supported by the findings of Kulkarni et
al.125 who concluded in their study of bulk metal oxide catalysts that TiO2 showed
no selectivity to either redox or acidic products. Kim et al.110 found that
isopropoxide on TiO2 produced water, acetone, and propene. The parent alcohol
desorbed recombinatively as well as molecularly. The observed decrease in the film
resistance with desorption in Fig 5.21 points to a loss of lattice oxygen. The water
produced by dehydration of the alcohol may decompose and combine with lattice
oxygen to produce hydroxyls in our case.
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5.5

Conclusions

We have extended the isothermal desorption spectroscopy technique using
microhotplate sensors in several significant ways for alcohols on TiO2 and SnO2, a
system of relevance to chemical sensing and temperature programmed sensing in
particular.
The initial experiments controlled the time that the surface was lowered to a
temperature at which adsorption could occur, resulting in measurements of the
uptake as a function of time.

The derivative of the time dependent uptake,

normalized to the flux, correspond to the coverage dependent sticking coefficient.
The low coverage of molecules obtained in these experiments do not allow us to
calculate the sticking coefficient accurately for this system, but on surfaces such as
metals, it would be possible to obtain much higher coverages and to measure the
adsorption temperature, as well as coverage dependence, of the sticking coefficient.
The technique was also extended to measure surface reaction rates by developing
an analysis approach with desorption pulses for different mass fragments interlaced.
The results indicate that propene was not produced on the reduced SnO2 or TiO2
surfaces. On the oxidized surface, calculated conversions to propene are substantial
fractions; however, the low sensitivity to propene and the small surface coverages
result in large uncertainties that preclude us from making a definite conclusion that
there is a reaction proceeding. That the reaction must occur on the surface at the
adsorption temperature and during the rapid heating pulse further reduces the
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likelihood of dissociation of the alcohol to the alcoxide, which is necessary for the
further dehydration or dehydrogenation reactions to occur. An interesting extension
of the process would be to heat the surface to a reaction temperature that is below
temperatures where significant desorption can occur, so that desorption and
diffusion processes could compete with the molecular (or recombinative)
desorption of the alcohol.
Perhaps most significantly, we have shown that the effects of a heterogeneous
distribution of adsorption site energies leads to fraction desorption.

The

assumptions of the analysis presented in Chapter 4 are no longer valid and lead to
unphysical estimates of the kinetic parameters. A Monte-Carlo analysis method
was used to model the isothermal desorption spectra, assuming that diffusion was
negligible on the time scale of the low temperature adsorption and rapid desorption
heating pulse.

Again, both computational experiments and experimental

measurements in which the surface is allowed to equilibrate at various temperatures
for certain periods of time before desorption would offer an opportunity to probe
the relative magnitudes of the diffusion and desorption activation energy barriers.
Finally, we measured both the conductivity change and the desorption signal
simultaneously. In principle, this measurement provides a direct link between the
surface kinetic processes and the solid state physics that form the basis of the
chemiresistive sensing mechanism. To the extent that there was conversion of
propanol to propene, and the hydrogen lost reacts with surface oxygen to produce
gas phase water, it is possible to account for a conductivity change. In as much as
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the uncertainties in the conversion are too small to conclusively measure, it is
difficult to give a definite interpretation of the conductivity changes. A further
complication is that the time scale of the conductivity change is significantly longer
than the (pumping time broadened) desorption trace. A possible explanation is that
solid state diffusion processes contribute significantly to the relaxation of the
electrical conductivity, but more work is required to begin to interpret such results.
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Chapter 6

CONCLUSIONS

6

Summary

The objective of this work was to develop a better understanding of the operating
principles involved in gas sensing with microhotplate sensors. In particular, the
approach involved measuring the molecular coverage of adsorbed analytes and
correlating it with the electrical conductivity change which constitutes the primary
response of the sensor. Measuring the coverage under UHV conditions on a sensor
with surface area of 10-4 cm2 led to the development of an isothermal TPD
technique which can
a) provide an estimate for surface coverage,
b) measure the pumping time constant of the UHV system,
c) account for the heating rate of the microsensor,
d) provide bounds for the domain of the parameter space of the first order and
pumping time constants,
e) determine activation energy of desorption and the pre-exponent in regimes
where desorption and pumping rates are similar,
f) distinguish between zero, first, and second order desorption accounting for
system pumping effects,
g) measure the electrical conductivity change of the sensing film with
concurrent desorption,
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h) use pseudo-mass multiplexing with the mass spectrometer to monitor
multiple reaction products during an experiment, and
i) use fractional desorption data and Monte Carlo simulation to calculate the
desorption energy distribution for molcules on a heterogeneous surface.

6.1

Benzoic acid on SnO2

The study of desorption of benzoic acid from a single microhotplate using
isothermal TPD showed that it is possible to use the inherently high heating rate of
the platform and distinguish between pumping effects and desorption effects in the
mass spectrometer signal. Benzoic acid was observed to weakly adsorb on the SnO2
film with an activation energy for desorption of 97 kJ/mol and coverage less than
0.005 ML. The value of activation energy is close to the heat of sublimation of
benzoic acid, and no dissociation was observed. The finite heating rate imposed a
lower limit of 2 ms for the measured first order time constant, while the signal-tonoise ratio precluded measurement of values higher than 730 ms.

6.2

2-Propanol on TiO2 and SnO2

The technique developed with benzoic acid was used to study the surface reactions
and consequent electrical film conductivity changes, using 2-propanol as a probe
molecule. The oxidized surface was expected to emulate to some degree, the sensor
response in ambient conditions. Dehydration of the parent alcohol to propylene is
hypothesized on oxidized TiO2 and SnO2, while the reduced surfaces show little
evidence for reaction. Molecular 2-propanol desorption is observed from both
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reduced and oxidized films with larger integrated signal areas for TiO2. The
Arrhenius plot for 2-propanol on TiO2 shows integrated areas increasing with
temperature, implying the presence of weakly bound and strongly bound species.
The amount of 2-propanol originally adsorbed at each temperature was verified by
using a clearing high temperature pulse and summing the integrated areas for
clearing and desorption pulses. Desorption activation energies ranging from
approximately 80-140 kJ/mol were calculated for the oxidized TiO2 surface using a
simple analysis and assuming a prefactor of 1013 s-1. Then a Monte Carlo simulation
was used to fit the data to a distribution of desorption energies modeled by a
Weibull distribution with an average energy of 102 kJ/mol, a standard deviation of
15.7 kJ/mol and a skew of 0.444. The electrical conductivity changes of the films
were also monitored during desorption, and the feature observed in the resistance
profile of the oxidized films suggests the loss of lattice oxygen.
6.3

Future work

The objective of this thesis was to probe surface reactions of alcohols on a
microhotplate to gain a better understanding of how the reaction kinetics can
influence the electrical conductivity of the sensor. As part of the process, we
developed a technique, using the microhotplate as a reaction platform, to measure
desorption parameters in UHV and isolate them from system pumping effects and
heating rate limitations. We have demonstrated techniques to measure coverage of
molecules on the sensor surface, and also to measure the electrical film resistance
simultaneously. A few observations made during the course of this work may prove
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relevant for further studies with the microhotplate platform. They are summarized
below:
a) Improve oxidation efficiency by using an atom source which can provide an
oxidative environment rapidly to enhance reactivity for alcohols, and can
replace the currently used oxidation protocol.
b) Develop methodologies for temperature programming using data
acquisition cards and filters in order to study reaction products under a
number of conditions. Rapid and programmable temperature pulses can
enable study of reaction rates and surface temperatures much beyond the
current capability. For example, adsorbing a gas at low temperature, holding
the microhotplate at a higher temperature to accelerate the reaction,
followed by a clearing pulse while monitoring the desorption signal for
products as well as the film resistance.
c) Use sophisticated program control to accommodate for the drift in the mass
spectrometer control electronics, e.g. automate multiple spectrum
acquisition and mass calibration during the course of the experiment to
ensure validity of the data.
d) Use three-parameter models to solve for the heating, first order, and
pumping time constants simultaneously to model desorption more
accurately despite the extensive computation.
e) Conduct multiple-mass multiplexed experiments at different temperatures to
see reaction products and branching ratios at each temperature
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